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Abstract.

This thesis investigates the effect of interactions between the immune system and co
existing viruses on the dynamics of viral infections, such as influenza. Specifically, rec
ords from the United Kingdom and the United States of America are examined, which 
indicate that cross-immunity between two co-existing viruses may lead to a predomin
ance of one strain over another during annual epidemics. Parameters for the ’force of in
fection*, ’cross-immunity coefficient*, infectious period and age-dependant contact rate 
for two co-existing strains of influenza are estimated from both case notification and 
serological data.
Time series analysis techniques are used to examine the evidence of oscillatory secular 
trends in the incidence of influenza virus strains. Only seasonal effects are found to con
tribute to the long-term fluctuation of the virus.
Analysis of data collected in a large survey (sample size 3000) of antibody directed 
against the influenza virus in North Yorkshire, finely stratified by age, reveal age-de- 
pendant patterns in the rate of virus transmission. The rate of infection changes from 
high in older children and young adults to low in the middle age groups, and then high 
again in the elderly age classes. Mean antibody levels are considered with respect to age, 
and the variability of these levels are also discussed.
Horizontal cross-sectional data are studied for a number of years, giving an under
standing of the build up of immunity for both an ’endemic’ strain, A/Eng/333/80, and 
two ’epidemic’ strains, A/HK/68 and A/Bel/1/81. The changes in transmission rates with 
respect to time are discussed.
Based on the direct transmission properties of the influenza virus a mathematical model 
is proposed to describe the role of cross-immunity in the interractions of co-existing viral 
strains of humans. The parameters are estimated from serological and reported data, and 
it is shown that, by using these parameters in the numerical analysis of a series of eight 
coupled differential equations, it is possible to generate epidemic patterns similar to those 
observed.
Expressions for the Basic Rate of Reproduction and the Average Age at Infection are 
derived from the model, and the inherent stability of these expressions under different 
parameter conditions are explored.
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Chapter One; General Introduction

1.1. Introduction.

This chapter presents an introduction to the biology and epidemiology of the influenza 

virus and to the general concepts that underpin the research described in this thesis. It pro

vides a brief review of the subject, and gives a background to the research that has been con

ducted, in terms of data collection and analysis, and to the interpretation of the 

epidemiological results described in the thesis.

The aims of this study are to investigate the possible mechanisms responsible for the per

sistence of co-circulating virus types between pandemics, as well as their role in fostering 

the recurrence of epidemics. Specifically, age-structured case notifications and serological 

surveys within populations are used to determine whether interactions between the immune 

system and co-existing viruses play a part in the transmission dynamics of the influenza 

virus.

The influenza virus causes disease in over 30% of the population of the United King

dom per year, with 25% of all respiratory illnesses due to infection with the virus. It is esti

mated that over 10% of the population seek medical help each year due to influenza induced 

disease, 0.12% are hospitalised and approximately 0.005% to 0.01% of the population of 

Britain dies from influenza each year (Couch et al. (1986)).

In both the UK and the USA influenza epidemics occur in the winter of every year, with 

a peak of respiratory disease coinciding with a peak in the incidence of influenza viruses 

(Chakraverty et al. (1986)). In most cases two distinct strains can be observed in each 

epidemic, with one arriving slightly earlier, peaking higher, and also finishing before the 

second virus, which gave rise to the ’Herald Wave’ theory (Glezen (1982), Glezen, Couch 

and Six (1982), and Glezen et al. (1980)).

The phrase ’Herald Wave’ is used to describe a wave of influenza virus infections which 

occurs during the second half of the epidemic period and which it was thought heralded the 

epidemic virus for the following years (Glezen (1982)). In the publication by Glezen (1982)
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the data was presented such that this wave appeared to occur for three seasons in succession. 

However, it represented only two ’herald* waves denoting the emergence of the new strain 

for the successive season, and not three seasons as was suggested. After these two herald 

waves, no others were recorded. The study by Glezen, however, presents some data for the 

United States which agrees with that for the United Kingdom (Chakraverty et al (1986)), 

showing that there are consistently two strains of influenza causing infection in the same 

season. It is possible that the consistent patterns observed are due to an interaction between 

the two co-existing strains, where cross-immunity prevents the second strain from causing 

a significant epidemic in the presence of the first strain. This is not necessarily due to im

munity conferred by one strain on the other in the same season, but could be due to cross

immunity from a previous, similar strain, preventing the latter strain from causing an 

equivalent number of cases. This effect could also be due to differing rates, or forces, of in

fection (due to differing transmissibilities or infectiousness of the virus strains). Further data 

of this kind from the United Kingdom (presented in detail in chapter 3) shows that two strains 

of the same subtype rarely co-exist in the same season.

It is thus probable that the two concepts, co-existence and the emergence of a new virus 

strain in most seasons, are related. Obviously some strains of virus will be more successful 

than others and possibly survive for more than one season, which will cause several strains 

to co-exist at one time. However, strains which are antigenically similar to previous strains 

will have a considerably reduced pool of individuals who are susceptible to infection, and 

will therefore not cause as many cases as those strains that are unique in their antigenic pres

entation.

Many aspects of the influenza virus have been examined in much detail. These include 

the molecular structure of the virus (Both et al. (1983) and Webster et al. (1982) for example) 

which changes through time as a result of exposure to and selection by the human immune 

system (Oxford et al. (1980) and Couch and Kasel (1983) for example). Herd immunity, in 

defined communities, causes the epidemic patterns observed in these communities, and these 

patterns have been the subject of much attention by epidemiologists (e.g. Stuart-Harris et al. 

(1985), Hope-Simpson (1981), Glezen (1982) and others). There have also been attempts to 

determine the nature of the rates of transmission that determine observed patterns by utilis-
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ing mathematical models (Elveback et al. (1964)). However, to date research has not fully 

elucidated the processes behind the dynamics of the influenza virus. Many questions about 

the epidemiology of the virus, therefore, remain unanswered. These include the following 

topics.

Where do viruses ’hide’ and what causes them to emerge? What is the origin of the sub- 

types, and why do they always appear to emerge in the Asian continent ? Why are shifts in 

the antigenic presentation restricted to type A influenza? Does antigenic drift continue in

definitely? Why does no natural antigenic drift occur in other myxoviruses, especially con

sidering that it can be induced in measles, using monoclonal antibodies, at about the same 

frequency as influenza (Webster et al. (1982))?

One of the greatest puzzles related to the influenza virus is the differences observed be

tween the dynamics of the virus in human populations and the dynamics of other myxo

viruses (e.g. mumps, measles and rubella) which have the same basic structure (see section 

1.2.1). Influenza is the only myxovirus which, due to continuously changing antigen pres

entation, is in effect continually being introduced into a large pool of susceptible individ

uals. This causes a large epidemic and, therefore, a considerable proportion of the population 

becomes immune to each specific strain in a short interval of time after the introduction of 

that strain. This appears to prevent a given subtype of the virus from persisting in any given 

host population over long periods of time. In other words, the apparently high reproductive 

rate of the virus results in a ’boom and bust’ pattern where, following arrival, a given strain 

quickly exhausts the supply of susceptible hosts.

In this thesis the influenza virus is used as an example of an infectious agent with co

existing strains. It does not attempt to explain all the multi-faceted concepts involved in the 

transmission of influenza viruses. It is hoped, however, that some of the ideas generated by 

this research may lead to a better understanding of the epidemiology of this fascinating in

fectious agent.
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1.2. Structure of the virus.

1.2.1. Nomenclature.

Influenza occurs in three distinct types; A, B and C. Of these three types influenza A is 

the only one which is further divided into subtypes, determined by the structure of the 

(antigenic) surface protein (as discussed in section 1.2.2). The subtypes can also be separ

ated due to small differences in the surface protein which allows the differentiation into dif

ferent strains of the influenza virus. Of the three distinct types, only A and B are of 

epidemiological significance. Due to the variability of the surface protein the virus possesses 

a considerable potential for genetic variability, which gives rise to the altered antigenic deter

minants causing the strains (see section 1.2.3). It is these subtypes and strains which cause 

the recurrence of pandemics and epidemics respectively.

The nomenclature of influenza viruses has been under constant revision since 1933 

(when the virus was first isolated). In the system of nomenclature for influenza viruses rec

ommended by the World Health Organisation (WHO) in 1971 (WHO (1980)) the viruses 

were classified into types, (A, B and C) on the basis of the antigenic character of the nucleo- 

protein (NP). Type A viruses were further divided into subtypes based on the antigenic char

acter of their haemagglutinin (HA) and neuraminidase (NA) antigens. The haemagglutinin 

antigen subtypes of human influenza A viruses were further reviewed by the WHO in 1979 

and 1980 which led to the current system of nomenclature, which ensures that the strain des

ignation for influenza viruses contains the following information:

1) The type of virus based on the antigenic specificity of the NP antigen (type A, B or 
C).

2) The host of origin for the strains (if not isolated from human sources).

3) The geographical origin.

4) The strain number.

5) The year of origin.

6) (For influenza A only) an index describing the antigenic character of the haemagglu
tinin (HI, H2 or H3).

7) (For influenza A only) an index describing the antigenic character of the neuramini
dase (N1 or N2).
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It is implicit in this system that a given haemagglutinin or neuraminidase subtype des

ignation will encompass strains exhibiting some antigenic variation within the subtype 

(known as ’antigenic drift’ (Webster et al. (1982)). The exact antigenic character of an in

fluenza strain may be defined by indicating similarities between the strain in question and a 

designated reference strain. The 1980 nomenclature system was not designed to provide in

formation on the host range or virulence of influenza viruses.

1.2.2. Virus structure.

Influenza is an enclosed virus with five internal non-glycosylated proteins, and two ex

ternal glycosylated proteins. The five internal proteins consist of the matrix protein (M), the 

nucleoprotein (NP), and three polymerases. The external proteins are haemagglutinin (HA) 

and neuraminidase (NA).

Immunity is induced in response to an immunogenic stimulation by the two glycosyl

ated external proteins, especially haemagglutinin. This view has been reached from clinical 

investigations with live and attenuated virus vaccines and with ’wild’ virus challenges. Field 

observations and animal models also support this theory (Greenwood et al. (1936)). New 

subtypes occur due to the sudden ’shifts’ in the molecular structure of the HA, which usually 

cause pandemics, with later strains being developed after more subtle ’drift’ in the HA, lead

ing to localised epidemics (see section 1.2.3. for details).

The haemagglutinin molecule possesses four non-overlapping antigenic regions consist

ing of clusters of epitopes, whereas neuraminidase has three overlapping regions. Primary 

sequences of haemagglutinin from H3N2 viruses collected since 1968 show that each new 

strain has at least one amino-acid substitution in each of the four antigenic areas (Couch and 

Kasel (1983)). The viruses are classed as A, B, or C due to their matrix and nucleoprotein 

type-specificity. There are thirteen distinct haemagglutinin sub-types and nine distinct neur

aminidase subtypes in the influenza virus.

The highly pleomorphic particles of influenza virus are enclosed in a lipid membrane 

derived from the plasma membrane of the host cell. Haemagglutinin and neuraminidase anti

gens are attached by short sequences of hydrophobic amino-acids at one end of the mole-
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cules (Webster et al. (1982)). Some carbohydrate side chains show host-cell related antigenic 

activity.

The matrix protein is structural and contains eight single-stranded ribonucleic acid 

(RNA) molecules which are complementary to the messenger RNA, which is to say that they 

are ’negative’ RNA, and are associated with a nucleocapsid protein and three large proteins, 

PI, P2 and P3, which are responsible for RNA replication and transcription. Three virus-en

coded non-structural proteins are also found in the host cells, but their function is still un

known (Webster et al. (1982)).

1.2.3 Variability in Virus Structure.

The changes in antigenicity of viruses appears to be driven by the need to overcome im

munity, either natural or induced by vaccination, and escape from immunity has been 

achieved by the haemagglutinin alterations (Both et al. (1983)). The HA undergoes frequent 

and progressive antigenic drift as a result of selection, under immunological pressure, of 

viruses possessing alteration in the amino acid sequences at specific sites in the molecule 

(Schild et al. (1983)). If immunological changes are sufficiently large, they enable a descend

ant of the influenza virus strain to reinfect hosts that are immune to the progenitor influen

za strain and hence to invade communities that recently suffered an epidemic of the 

progenitor strain (Pease (1985)).

’Drift’ and ’shift’ are used to distinguish two alternative mechanisms of evolution in the 

influenza virus. Drift occurs by point mutations and possibly by short deletions and inser

tions (Palese and Young (1982)) which leads to the accumulation of amino acid sequence 

changes that alter the antigenic sites in such a way that they are no longer recognised by the 

host’s immune system, while shift occurs when a completely novel influenza serotype is in

troduced into the influenza population which infects humans. This novel influenza strain 

may arise from the influenza serotypes previously infecting swine, equine or waterfowl 

populations (Palese and Young (1982) and Webster et al. (1982)). Drift occurs continuous

ly, causes gradual changes in the influenza antigens, and is responsible for most of the ob

served year to year variation in the influenza antigens. Shift occurs irregularly (as in 1957, 

1968 and 1977) and causes abrupt and large changes in the influenza antigens. Drift as used
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by molecular immunologists is not equivalent to the concept of genetic drift in population 

genetics. Within the context of influenza biology, drift is used to describe any gradual change 

in influenza antigens (Webster et al. (1982)). These gradual changes may be caused either 

randomly or by a type of frequency-dependent selection which occurs because variant in

fluenza viruses have a selective advantage when they first arise (and are thus rare), since 

fewer hosts will have derived an immunity to them than to the more abundant prevailing 

strains.

Large proportions of the population becoming immune causes the variant viruses to have 

a selective advantage, and hence more rapid rate of amino acid substitution, than they would 

have in a largely susceptible population (Pease (1985)).

Thus there is a significant selection pressure for new variants to evolve, either by major 

changes to the surface antigens (shift) or by less sudden, smaller changes to the surface pro

teins (drift). It is interesting to note that the same pressure exists with respect to other myx- 

oviruses, which are endemic in the host population, yet such considerable variation is only 

found in the influenza virus.

1.3. The History of Influenza.

In 1933 di Camagliano referred to the astrologers’ view that the conjunction of planets 

’influences’ the epidemics of fever, coughs and colds in the city of Florence, while Thomas 

Willis (1852) noted that the ’outbreaks occurred as if sent by some blast of the stars’ (Stuart- 

Hanis, Schild and Oxford (1985)).

It is known that a disease with symptoms which closely resemble the symptoms of in

fluenza has been observed from the twelfth century onwards and it is possible that it was 

first discovered in 1510 (Vaughan (1921), Beveridge (1977)). However, the first case de

scription officially recorded as ’influenza’ was in 1557 and the influenza virus was not dis

covered to be the etiological agent of this disease until 1933 (Smith, Andrewes and Laidlaw 

(1933) in England, and Francis and Magin (1936) in the USA). Retrospectively a serologi

cal relationship has been determined between prototype human and swine viruses, which 

suggests that the human population first experienced a major epidemic due to the transfer
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Table 1.1. The incidence of influenza A subtypes (based on the surface protein composi
tion) from 1933 up to 1989 (see text for data sources).

Years Recorded Subtype.
1933-1945: H0N1 (Later classified as H1N1)
1946-1956: H1N1
1957-1967: H2N2
1968-1976: H3N2
1977-1989: H3N2 + H1N1 (mostly in youths).

between these two species in 1918 (Webster et al. (1982)). Since then only four major sub- 

types have caused all the epidemics of human influenza, each in isolation until 1977. Table

1.1. shows the occurrence of subtypes from 1933 to 1989.

Initial evidence of the occurrence of a new subtype (caused by a sudden shift in the mole

cular structure of the major antigenic determinant) is usually in the form of a pandemic, with 

later, more localised, epidemics being caused by genetic drift. These epidemics and pande

mics always occur seasonally and almost invariably no viruses are evident in the summer 

months (Hope-Simpson and Golubev (1987)). During this century there have been four dis

tinct pandemics: the first in 1918, the H1N1 subtype; the second in 1957, due to the H2N2 

subtype ("Asian ’flu’"); another in 1968 after the appearance of the H3N2 subtype ("Hong- 

Kong ’flu’") (Webster et al. (1982)); and the last in 1977 caused by the subtype H1N1 ("Rus

sian ’flu’") (Bothet al. (1983)).

1.4. Epidemiology.

1.4.1. Basic Observations.

There are three main methods by which a new influenza epidemic may occur. A pre

viously ’hidden’ virus may begin to recirculate; a new strain may appear which is derived 

from an animal or avian strain; or an avian or animal strain may become infectious to hu

mans (Webster et al. (1982)). Influenza has been monitored by the World Health Organisa
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tion (WHO) since 1947. This surveillance stems from frequent episodes of disease 

throughout the world and the association of epidemics and pandemics with genetic drift and 

shift respectively, plus the high mortality which is sometimes associated with pandemics. 

The study of influenza isolated in northern and southern hemispheres in respective winter 

seasons reveals that alterations can be detected and related to epidemic patterns and out

breaks that have already occurred, and might be predicted to occur elsewhere. These vari

ants could possibly lead to the development of appropriate vaccines and thus population 

based vaccination strategies. The aims of surveillance of this nature are to isolate and deter

mine the strains circulating from sampling clinical cases, estimate morbidity and mortality, 

to establish prevalence of relevant antibodies and to guide the formulation of vaccines with 

an appropriate cocktail of antigens to protect against the dominant strains in circulation for 

a given year.

In the UK surveillance has been well developed through a network of diagnostic labor

atories and dependable sources of epidemiological information (for example the Public 

Health Laboratory Service (PHLS)). Incidence of the virus is monitored by the weekly col

lection of data on deaths, sickness benefit claims, General Practitioner reports and labora

tory confirmation of influenza virus reports (Pereira and Chakraverty (1982)). Together they 

have documented most epidemics since Asian ’flu’ (H2N2) in 1975 (Chakraverty et al. 

(1986), Chakraverty, Cunningham and Pereira (1982), Tillett and Spencer (1982)). In the 

USA the equivalents are the Influenza Research Centre (IRC) in Houston, Texas, which was 

set up in 1974 (Couch et al. (1986)) and the Centre for Disease Control (CDC).

Since influenza can be either the primary or secondary cause of mortality there can be 

no direct association between the prevalence of influenza and the mortality caused by it. In

itial health will be also a major factor in the level of influenza-induced mortality observed. 

It was these problems which led Stuart-Harris (1976) to comment that ’thus far it has been 

impossible to devise a case-mortality rate for influenza’. However, since mortality statistics 

in general are regular and predictable (Farr (1947)) it is possible to assess, to a degree, the 

impact of a specific influenza strain in terms of the mortality which is ’in excess’ of the nor

mal observed mortality over the period under consideration (Cliff (1986)). Serfling (1963) 

devised a regression model which, by using data from the previous 20 years (ignoring ap
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parent epidemics) gives an estimate of the predicted normal mortality. Any mortality in ex

cess of this level can be attributed to deaths due to any influenza epidemic. It is important 

to distinguish between influenza mortality, the total number of individuals who die as a re

sult of influenza infection, and the case-fatality rate, which represents the number of influen

za cases which directly result in the death of the infected individual.

The factors found to be important when making a forecast for each coming winter are: 

the knowledge of which viruses have circulated in previous years; which of them have been 

found in the immediately preceding months in the southern hemisphere; and what propor

tion of the population has already been exposed to homologous strains and is therefore poss

ibly immune to an attack (Pereira and Chakraverty (1977)).

There now follows a detailed summary of the major epidemics which occurred in Bri

tain from the late 19th century up to 1985. More explicit details of the epidemics of 1973 

through to 1989 can be found in chapter 3.

1890-1892.

Originating from Central Asia, there were three successive waves; June 1890 (with a 20- 

30% attack rate), 1891 and 1892. In 1890 24.7% of those affected were in the 20-40 year 

old age group, 36.2% were 40-60 and 22.4% were 60-80, this group containing the maxi

mum number of case mortalities (Stuart-Harris, Schild and Oxford (1985)).

1918.

First isolated in West Africa, the epidemic of the earlier part of this year was charac

terised by the disproportionate mortality rate in the 20-30 year old age group, and by the at

tack rate of the younger age classes, with 10 year old individuals and younger experiencing 

30-40% attack rates, as compared to the 10+ age groups which only had attack rates of 20- 

30%. Four months after the initial 1918 epidemic another epidemic occurred in Britain where 

the 20-40 year olds could be seen to suffer extensively with pneumatic complications, lead

ing to a 50% case fatality rate. Approximately 44% of all influenza deaths during this 

epidemic occurred in the 20-45 year old age group, which also accounted for 37% of all 

pneumonia and bronchitis patients (Stuart-Harris, Schild and Oxford (1985)).
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1932-1956 (H1N1).

This was the first virus to be typed, and overall the mortalities observed during this peri

od was less than that seen in earlier years, most likely as a result of the introduction of sul- 

phonamides in 1939 and antibiotics in 1945, which reduced the severity of secondary 

infections. However the general diminishment of mortality is at present partly unexplained. 

The age distribution of cases was much unchanged (Stuart-Harris, Schild and Oxford 

(1985)).

1957-1958 (H2N2).

In the eleven years of the circulation of the H2N2 virus strain there were three winters 

(1959-1960, 1963-1964 and 1966-1967) during which reported influenza incidence was at 

a very low level. The same pattern was observed over another eleven-year period with an

other three-winter period of low activity: 1970-71, 1973-74 and 1976-77. So similar were 

these patterns that it was thought that a new strain would appear in 1979 and start the epidemic 

process over again. However this new strain did not materialise (Chakraverty et al. (1986)).

Apparently starting in China, the virus swept to Britain and the USA where 5-15 year 

olds suffered maximum attack rates (the rate at which individuals acquire infection per head 

of population) of up to 50% (Langmuir (1961)), which are not dissimilar to those observed 

in the USA during the 1918 epidemic (Frost and Sydenstricher (1919)). Overall, however, 

there was only a 17% attack rate (Fry (1958)). Mortality peaked in October of 1957 in Bri

tain (Martin (1958)), mostly in the 55+ age group. There was a significant recrudescence in 

June 1958 which led to a proportionally higher mortality rate in the older age groups (McDo

nald (1958)).

1959-1967 (H2N2).

The epidemic of 1959 showed a higher death rate than that of 1957. No further variations 

of the virus surface antigen were recorded until 1962. The last epidemic of the H2N2 strain 

occurred in January 1968 (Miller and Lee (1969)) which produced a larger number of cases 

in the elderly than had been seen for several years.
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1968-1970 (H3N2).

Because it was first identified in Hong-Kong, this strain has always been referred to as 

’Asian flu’. The initial epidemic (1968) generated a low number of mortalities, but during 

the winter of 1969-1970 a large outbreak occurred in Britain with excess mortality being ob

served, although in the USA excess mortality was noted during the 1968 epidemic as well 

(Assaad, Cockbum and Sundaresan (1973)). Mortality and morbidity had patterns similar 

to the H2N2 strain but on a lower scale, with the under fives having the highest attack rate 

and the 5-14 year olds the lowest; in adults the highest attack rate was in the 45-64 age group, 

and the lowest in the 65+, which was even lower during the 1968-1969 epidemic (possibly 

due to their having experienced similar strains during childhood). Why the discrepancy exists 

between the USA and Europe is not understood. A moderate epidemic occurred in the winter 

of 1971-1972 also due to A/Hong-Kong/68.

1971-1977 (H3N2).

During this period there were three active winters; 1971-1972 (due to A/Hong Kong/68);

1972-1973 (A/Eng/72); and 1975-1976 (A/Vic/75). The last of these strains gave rise to the 

largest epidemic and the highest mortality since 1969-1970, and is also the most divergent 

strain from A/Hong Kong/68 (Pereira and Chakraverty (1977)). There were only minor out

breaks in the years 1973-1974 and 1974-1975 which were caused by A/Port Chalmers with 

a minimal excess mortality. In the winter of 1977-78 there was a slight increase in deaths 

due to influenza A/Vic/75 and A/Texas/77 with the 25+ age group having experienced the 

H1N1 strain from the 1957 epidemic.

1978-1985 (H1N1).

Although this strain was typed as ’Russian flu’ (A/USSR/77) the place of origin may 

well have been China. Attack rates in residential schools ranged from 20% to 80%. A great 

variation in clinical severity was observed, although it is considered that the epidemics had 

become less severe since 1976 (Sabin (1978)). Of those infected approximately 90% were 

under 25 years of age, which helps to explain the lack of excess mortality. The high pre

valence in the younger age classes could be explained by the exposure of the older groups
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to the H1N1 strains of the 1946 to 1957 epidemics (Chakraverty, Cunningham and Pereira 

(1982)). The epidemics of 1979-1980, 1980-1981, and 1984-1985 were all moderately in

tense and contained H1N1 and H3N2 in variable proportions. Waning mortality in Britain 

is most likely due to immunity conferred by the ’old’ H3N2 strains, which have circulated 

since 1968, and probably induce protection against other H3N2 strains. A similar situation 

was found in 1950 with the H1N1 strain which has circulated since the 1940’s.

1.4.2. Morbidity and mortality; the Pathogenicity of Influenza.

Relatively little is known concerning the precise pathological effects of the influenza 

viruses in man. Infection appears to be confined to the epithelium and sub-epithelial layer 

of the mucosa of the respiratory tract, but exactly where the primary lesion occurs is un

known. Destruction of epithelial cilia prevents efficient upward flow of the mucosa and ne

crosis of the epithelial cells themselves allows opportunistic pathogens to become established 

and disturbs the self-cleansing properties of the lungs. There is good reason to believe that 

it is this pathology which allows bacterial persistence and proliferation in the terminal air 

passages (Stuart-Hanis, Schild and Oxford (1985)).

The virus has been recorded as having an attack rate of 33% of the population per annum 

(Couch et al. (1986)). Morbidity rates show that about 25% of all febrile respiratory illnesses 

are attributable to the influenza virus. Approximately 12% of the population seek medical 

help each year due to the illness, 0.12% are hospitalised and roughly 0.01% of the popula

tion dies from influenza each year (Couch et al. (1986)). Table 1.2. shows the hospitalisa

tion and death rates for different age classes. From this data it would appear that the influenza 

virus leads to a majority of cases in the elderly and very young, and is most lethal in the el

derly. It is important to note, however, that these groups are more likely to be hospitalised 

as a precaution against serious illness than individuals of middle age (in this table the 5-54 

year old group). Table 1.3. shows the excess mortality associated with influenza A from 

chronic non-specific lung disease in England and Wales 1968-1976.

Kilboume (1960) states that human viruses circulate at a relatively fixed level of vi

rulence, the observed differences in severity of illnesses and mortality being due, in his opi

nion, to host variation. It has been observed that clinical influenza varies considerably in
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Table 1.2. The estimated hospitalisation and Death Rates among individuals with acute 
respiratory disease during influenza epidemics; Houston 1978-1981 (data from Couch et 
al).

Age Hosp.Rate Death Rate.
0-4 0.37% 0.003%
5-54 0.06% 0.002%
55-64 0.14% 0.015%
65+ 0.42% 0.076%

Table 1.3. The Excess Mortality associated with Influenza A from chronic non-specific
lung disease in England and Wales 1968-1976 (data from Stuart-Harris et al. (1985)).

Year Total deaths* ** Adj. deaths*** Est. Excess mort.+
1968 33 292

21 109 1900
1969 34 262

22 806 4300
1970 29 856

17 788 0
1971 29 352

18 673 1600
1972 13 405

18 977 2600
1973 27 016

16 640 1000
1974 26 557

16717 1700
1975 26 101

17 132 2900
1976 25 313

Total 262 154 149 842 15 800
Annual 29 128 18 730 2000(+/-410)
average:

* During 1 year

** Influenza season: October to April (inclusive)

+ Data for between-year season (Oct. to April).
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severity from individual to individual depending on the age of the individual, the existing 

health of the individual as well as the virus strain (Cliff et al. (1986)).

Frank et al. (1985) also state that ’epidemiological differences appear to be more import

ant than pathogenic potential in determining the community impact of these two subtypes 

[H1N1 and H3N2] of type A influenza virus’. Due to the fact that influenza induced deaths 

are extremely difficult to isolate (Stuart-Hairis (1976)), it is not possible to determine 

whether specific strains are responsible for higher rates of cases, or fatalities, than others. 

However, variation in virus virulence has been suggested by several studies which record 

the temperature sensitivity of individual strains (Oxford, Corcoran and Schild (1980), Chu 

et al. (1982)). Also, the inability to replicate at temperatures greater than 38oC is a feature 

of virus strains which have been attenuated in virulence for possible use as vaccines (e.g. 

poliovirus). Oxford found that there was a higher proportion of viruses with this property 

among the A(H1N1) viruses recirculating from 1977 onwards than among other isolates 

such as those of subtype H3N2 (Oxford, Corcoran and Schild (1980)). Chu et al. (1982) also 

found a higher proportion of temperature-sensitive viruses amongst recirculating subtypes 

of a particular strain, namely H1N1. The suggestion that these findings indicate that the vi

rulence of recirculating H1N1 viruses may be reduced is, however, not yet conclusively con

firmed.

Variation towards increased virulence of natural influenza strains has not been observed 

in the past 55 years. The occasional outbreak with apparently greater severity such as that 

recorded by Nagler among Eskimos, was probably the result of a reduced past exposure of 

the residents because of geographical isolation (Nagler, van Rooyen and Sturdy (1949)). 

Thus, lack of exposure to any strains of influenza allowed the susceptible proportion of the 

population to increase, due to the recruitment of new-born individuals. Until the number of 

susceptible individuals rises above a certain level,the virus is unable to cause an epidemic. 

This concept, the ’threshold theory’, is discussed in detail in chapter 2.

1.4.3. Biological features of infection and disease.

Over the past 50 years localised pandemics and epidemics of influenza have been con

sistent in their overall patterns. However, it has become apparent that there is considerable
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variation in both the severity of illness in individuals and in the proportion of those individ

uals that develop complications. This is related to the virulence of the virus, the age at in

fection (Collins (1929)), the immunological status, determined by any previous experience 

to similar strains (Kilboume (I960)), and to the health of the individual; the symptoms of 

influenza in people with a history of good health differ from those in ill health (Stuart-Har- 

ris et al. (1985)).

Although the clinical aspects of uncomplicated influenza in any one age group are simi

lar, variations in incidence of certain symptoms do occur for different ages; for example, vo

miting and convulsions only occur in infants; croup only in young children; sore throats and 

myalgia only in adults (Glezen (1980)).

Following direct droplet airborne transmission from infected individuals the incubation 

period is normally 48 hours, but may range from 24-96. Variation in the incubation period 

is dose dependent, with an abrupt onset of illness usually developing within one hour. Oc

casional occurrence of vague prodromal symptoms (such as coryza) before the onset of fever, 

tends to indicate that infection dose in these individuals may have been near to a threshold 

limit. Subclinical, asymptomatic infections can occur, possibly due to threshold infection 

doses, particularly in those with pre-existing serum antibodies (Thacker (1986)).

Symptoms in adults commonly include a marked fever, headache, photophobia, shive

ring, a dry cough, malaise, muscular ache and a dry, tickling throat. Fever is usually con

tinuous , and classically lasts for three days at which point the temperature falls and symptoms 

abate. In some cases a second rise in temperature, smaller than the first, may occur after this 

time (Stuart-Harris et al. (1985)).

Of the acute symptoms listed above, the cough may persist for several days (leading to 

expectoration of mucoid or mucopurulent sputum), the eyes are often watery, burning and 

painful in movement and they can become blocked or give off a purulent discharge. Cervi

cal adenopathy is unusual, but has been described and myalgia is most severe in the leg mus

cles but may also affect other extremities. Infection usually resolves itself in 7 days but 

infected individuals often feel unwell and listless after acute infection and can suffer from 

depression (Evans (1978)).
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Complications can occur in the respiratory tract, the cardiovascular system or in the cen

tral nervous system, but the most commonly observed are respiratory related. These involve 

mostly the mucosa from the larynx to the alveoli, giving rise most commonly to simple tra- 

cheo-bronchitis. Opportunistic infections include secondary bacterial pneumonia, most often 

Streptococcal or Staphylococcal, generally in those with a history of chronic lung disease 

(Hers et al. (1958)).

There are two ways in which the cardiovascular system is concerned in relation to in

fluenza. The first is the increased risk of pulmonary complications in patients with valvular 

heart disease (Hers et al. (1958)), and the second, more direct, evidence of cardiovascular 

complications is seen in infected individuals without previous cardiac disease who exhibit 

inflammatory myocarditis (Finland et al. (1945) and Martin et al. (1959)). There is however 

no reasonable explanation of the cardiovascular damage which must unquestionably occur 

in association with influenza and which may explain the risk of death in those with pre-exist

ing cardiac disease who contract influenza.

During the Asian pandemic of 1957-1958 (see part 1.4.) a large number of neurological 

illnesses of varied nature occurred in many different countries. Flewett classified these ill

nesses into fatal encephalitis, post-influenzal encephalitis and cases of Guillain-Barre syn

drome (Flewett and Hoult (1958)). However, it should be noted that there is no direct 

histological evidence to link the influenza virus with encephalopathy, which is itself a rela

tively common childhood condition, nor is live influenza virus necessary for provocation of 

Guillain-Barre syndrome (Stuart-Harris, Schild and Oxford (1985)).

1.5. Immunology.

1.5.1. Immunity to Influenza.

On current evidence, it appears likely that antibodies to the haem agglutinin and neura

minidase proteins confer protection against challenge from homologous virus strains and 

subtypes, with antibodies directed against the haemagglutinin being the more important of 

the two. The anti-haemagglutinin antibody neutralises virus infectivity and inhibits the pri

mary infection, whereas the anti-neuraminidase restricts dissemination of the virus within
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infected individuals (and thus the shedding of virus from the respiratory tract) and reduces 

the severity of the illness. There is no evidence to show that the matrix or nucleoprotein 

stimulate significant amounts of antibody production in infected individuals (Couch and 

Kasel (1983)).

There is not always a clear-cut relationship between the concentration of antibody in the 

blood and resistance to infection (Tyrrell et al. (1981)). This is obviously an important con

sideration in this study, both in terms of serologically derived results and in the mathemati

cal modelling of immunity. However, in the absence of evidence to the contrary, it is assumed 

that the presence of antibody is indicative of immunity.

In response to haemagglutinin proteins IgM, IgA and IgG antibodies appear simulta

neously within two weeks of inoculation. IgM and IgA peak at two weeks and then decline, 

whereas IgG continues to increase towards a maximum titre at four to seven weeks. IgM and 

IgG antibodies occur in all infected individuals but IgA only occurs in about 50%. Analysis 

based on nasal secretions reveal similar temporal patterns, but with IgM and IgG in lower 

concentration and with IgA found in all infected individuals. Observations based on anti

bodies directed against the neuraminidase proteins shows essentially the same patterns but 

there is far less documentation on the antibody production to this antigen.

All antibody production shows an initial fall over six months and then stabilises for two 

to three years. There can be a two- or ten-fold drop in antibody levels over this period, but 

it would seem that the serum antibodies persist for many years (Couch and Kasel (1983)).

Mouse models have indicated that macrophages may be responsible for virus clearance 

from infected areas of the mucosal tissue, while cytotoxic T-cells appear to cause a reduc

tion in the amount of virus present in the lungs (McMichael (1982)).

1.5.2. Cross-reactivity.

Antigenic similarities between the surface antigens haemagglutinin and neuraminidase 

of influenza A viruses of different subtypes have been observed even in the absence of de

monstrable cross-reactions in various immunodiagnostic tests (for example Immuno double
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diffusion). These include evidence of relationships based on cross-protection or of cell-medi

ated immunity (Stuart-Harris, Schild and Oxford (1985)).

Both animal and human sera fail to exhibit cross-reactivity between haemagglutinin or 

neuraminidase antigens of different subtypes (Couch and Kasel (1983)). The multiple 

antigenic determinants expressed by the different strains lead to the phenomenon of ’Orig

inal antigenic sin’ (where exposure to new strains elicits the production of antibodies to 

strains that have been previously experienced) (Webster etal. (1982)). Cross-reactivity, how

ever is a commonplace occurrence between strains within a particular subtype (Oxford et a l

(1980)).

Antibody production to strain-specific antigenic determinants occurs in higher frequency 

among persons experiencing natural infection than in those vaccinated with attenuated vac

cines. It can be said that antibodies induced by exposure to the influenza virus are mainly 

directed to determinants shared by different subtypes. This is because haemagglutinin has 

multiple variants, only a few of which are altered in different strains. Since the total anti

body response consists of the total combined antibodies of differing specificity, a number 

of changes are required before little or no cross-reactivity is observed (Couch and Kasel

(1983)).

Therefore it can be expected that in infections with related strains of the same subtype 

there will be some proportion of the antibodies directed against one strain that will confer 

some immunity to other, closely related, strains.

1.6. Serological Methods.

Serological epidemiology has proved to be of great value in the study of several viral in

fections and associated diseases (both the course of infections in individuals and the pattern 

of incidence of infection in host populations (White and Fenner (1986) and Evans (1982a)); 

most notably poliomyelitis, measles, mumps, rubella and various arthropod-borne diseases 

(Black (1959)). Case to case household studies, combined with clinical studies of the course 

of infection, have led to the quantitative measurement of various stages of infection such as 

the latent, infectious and incubation periods as well as the levels and duration of specific
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antibodies. In large scale population surveys the age-related changes in the proportion of the 

population possessing antibodies to the virus can be ascertained. Information of this type 

can lead to insights into the age and time-related incidence of infection, the levels of im

munity to infection and, where relevant, the effects of vaccination programmes on these le

vels. When considering the dynamics of a virus in a population it is important to understand 

the concept of herd immunity. This principle is based on the belief that the chance of acquir

ing infection by a virus within a community is related to both the density of susceptibles and 

the density of infectious individuals. This concept, as well as that of immunity due to co-cir

culation of similar virus strains is dealt with fully in later chapters.

There have, in recent years, been rapid developments in quantitative epidemiology with 

the use of mathematical models and statistical methods, which have been used to study trans

mission dynamics and the control of directly transmitted viral diseases, such as those men

tioned earlier, in many countries (Dietz (1976), Knox (1980), Anderson and Grenfell (1986) 

Anderson and May (1983a, 1983b, 1985), Grenfell and Anderson (1985), Nokes, Anderson 

and Anderson (1986), Anderson et al. (1987), McLean and Anderson (1988) and Nokes and 

Anderson (1988)). To make accurate assessments and predictions from studies of this sort 

it is essential that the data which is collected must be reliable and authentic. Data can be ob

tained from two major sources: case notifications and serological studies.

Case notifications can be unreliable for a number of reasons, one of which is that asymp

tomatic infection (or very slight infection) is common in many diseases (including mumps, 

rubella and influenza) and may therefore not be reported (Feldman (1982)). Another reason 

is that there is often a bias in reporting cases in the younger age groups (via concerned par

ents) and in the older age groups (where the infected individuals’ health is more at risk due 

to complications). It is also probable that infections will be more often reported during school 

term than during holidays or before school age (Black (1982)). Finally, and with great re

levance to the present study, influenza is not officially a notifiable disease in the United 

Kingdom so only the acutely ill cases will tend to be reported. Case notification data have 

however been used quite extensively to represent age-specific acquisition of infection and 

can be used in the absence of suitable serological data to give an estimation of epidemio-
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logical parameters and patterns (Anderson and Grenfell (1986), Anderson and May (1983a, 

1983b, 1985), Grenfell and Anderson (1985) and McLean and Anderson (1988)).

Most serological studies to date have made use of pre-existing collections of sera from 

particular communities. These originate from a variety of sources (e.g. blood transfusion 

centres and hospitals) and are seldom collected on a random basis, but more commonly are 

drawn from particular spatial areas or age groups in a specific community. Ideally the sera 

should be composed of age-stratified samples taken at random from males and females in a 

defined population, and should represent all socio-economic classes. Most serum sets de

scribed in past published work (Chakraverty, Cunningham and Pereira (1982), Chakraverty 

et al. (1986), Pereira and Chakraverty (1982) andPereiraand Chakraverty (1977)) are limited 

in the extent to which they meet these criteria (typically limited age ranges and small over

all sample size are the major restriction).

Until recently, methods of defining humoral immune response among infected humans 

were limited. Epidemiological research was based on results from the use of conventional 

complement-fixation (CF), haemagglutination-inhibition (HI) or neutralization (Nt) tests for 

antibody in sera before or after infection. However the recognition of heavy (1 IS) IgA se

creted at the mucosal level (see section 4) led to studies of antibody secretion using conven

tional methods (Couch and Kasel (1983)).

The serological response to influenza vaccines is usually assessed using HI or neura

minidase-inhibiting (NI) antibody tests. These tests are widely used in a standardised for

mat, which are easy to perform and give reliable, reproducible results. However HI tests are 

relatively insensitive and do not detect low levels of antibody (Jennings, Smith and Potter

(1981)).

Recently, new serological tests have been used for the estimation of influenza antibody, 

including single radial haemolysis (SRH), single radial diffusion (SRD) and radioimmuno- 

precipitation (RI). Another recently developed technique, the enzyme-linked immunosorb

ent assay (ELISA) has been used for the detection of antibody to several viruses, including 

mumps, measles, rubella, respiratory syncytial virus, herpes simplex virus, varicella zoster 

virus as well as the influenza virus. In most of these studies ELISA has proved to be con-
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siderably more sensitive for the detection of antibodies than other techniques (Koskinen et 

al.(1987), Julkunen et al. (1984), Julkunen et al. (1985), Van Voris et al. (1985)).

1.6.1. Seroepidemiology of Influenza.

Antibody surveys have been conducted for the influenza virus for the years 1977 to 1985 

(Periera and Chakraverty (1982) and Chakraverty et al. (1986)) using the haemagglutination 

inhibition technique. Although these surveys are not reported in detail it is obvious that the 

proportion of the population with antibody to the circulating viruses of that time is consider

able in all age groups. It is suggested that the high levels of antibody in the adult population 

generated against the H1N1 subtypes found in the late 1970’s are a result of exposure to this 

subtype during the previous decade of prevalence, 1947-1957. The levels of antibody to the 

influenza H1N1 subtype in persons under 20 increase noticeably between 1977 and 1980. 

The proportion of the population with antibody to the H3N2 subtype is consistently higher 

in all age groups than that with antibody to the H1N1 subtype. This is presumably due to 

the more recent exposure to the virus.

More relevant to this study are the levels of antibody generated against the A/Eng/333/80 

(H1N1) and A/Bel/1/81 (H3N2) strains in the mid 1980’s. In this case the overall levels of 

antibody to the H1N1 subtype are higher than those for the H3N2 subtype in general, but 

there are higher antibody levels in the young age groups against the H3N2 subtype. An in

crease can be seen in the proportion of persons over 50 years of age who are seropositive to 

the H3N2 subtype, whereas no similar increase can be seen in the proportions seropositive 

to the HIN1 subtype.

A more thorough study was performed by Stuart-Harris et al. (1981) considering the pro

portion of the population immune to the A/Hong Kong/68 strain (which is also considered 

in detail in this thesis) for the time period 1968 to 1970. The results of this study clearly in

dicate a declining in the proportion immune through time.
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1.7. Transmission of the virus.

For the purposes of this study it is assumed that, like measles, mumps and rubella, in

fluenza virus is transmitted directly, via airborne droplets from infected individuals to sus

ceptible individuals. This is referred to as direct transmission. It is also assumed that the 

incidence of influenza infection in a population is a function of the number of susceptibles 

and the prevalence of infectious cases, which is equivalent to the ’law of mass-action’ first 

proposed by Hamer in 1906 (Fine and Clarkson (1982)).

It is the contention of Hope-Simpson (1979) that the influenza A virus, after infecting 

its host, remains latent in many individuals for a period of time. Due to various seasonal phe

nomena, caused by ’variations in solar radiation’, the viruses emerge simultaneously from 

many latent infections, with altered surface antigens, to cause fresh epidemics (Hope-Sim- 

pson and Golubev (1987)).

Hoyle, after studying influenza epidemics in schools, cast doubt on the direct trans

mission theory and proposed that influenza viral precursors must be reaching earth from an 

extra-terrestrial source (Hoyle and Wickramasinghe (1990)).

However, neither hypothesis has found general recognition, nor been widely accepted, 

amongst other academics in this field.

1.8. Modelling virus transmission.

The interactions among co-circulating strains of related viruses have received little at

tention in the theoretical literature (Castillo-Chavez et al. (1987) and (1988) and Selby 

(1976)). Until recently little information was available with regard to level and duration of 

cross-immunity, but recent studies (Couch and Kasel (1983)) show a considerable degree of 

long-lasting cross-immunity between related strains of human influenza. Through cross-im

munity, the presence of one strain of the virus can reduce the pool of susceptible individuals 

for co-circulating strains and thereby reduce the potential for survival of those strains.

The type of model presented here is a deterministic compartmental model which de

scribes the change in age-prevalence of disease that takes place over the course of time. Such
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models have already been extensively studied for other diseases, and have been usefully ap

plied, for example in answer to questions about optimal vaccination policies in developed 

countries (for example Anderson and May (1985) and Schenzle (1985)). However, existing 

models have always considered the population either to be at an endemic equilibrium, or to 

be altering in response to perturbations by vaccination. The question of cross-immunity has 

not been explored except as a mathematical concept (Castillo-Chavez et al. (1987) and Cas- 

tillo-Chavez et al. (1988)).

The model used throughout this thesis is based on the result of expressing, in mathemati

cal terms, what are believed to be the major biological processes that determine the epidemi

ology of influenza in a developed country (i.e. one with a comparatively large, stable 

population). The major objective of this study is to gain a greater understanding of some of 

the processes or interactions which produce the patterns of epidemics and pandemics which 

are observed for the influenza virus.

A large part of the work in reaching these goals lies in the development of methods of 

data analysis. These allow the interpretation of both the previously existing epidemiologi

cal data (such as case notifications) and also that data which has been made available due to 

the serological studies described in another part of this thesis. The data facilitates the deri

vation of parameter estimates for inclusion into the model. Provided with a set of initial par

ameters, the properties of the model can be explored under different conditions by numerical 

methods.

Since the earliest recorded application of calculus to disease transmission by Daniel Ber

noulli, who presented his results on the impact of inoculation against smallpox to the Aca- 

damie Royale des Sciences in 1760, considerable advances have been made in this field. 

Investigation of disease transmission is now conducted though two major media; stochastic 

or deterministic models.

Stochastic models describe the probability of one new case occurring in a given unit of 

time, as compared to deterministic models which describe the number of new cases which 

occur in a given time period. Stochastic models are generally used for small populations 

such as households, where ’chance effects’ are of great importance. Most stochastic models
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are derived from chains of binomial distributions used to describe the number of cases inci

dent in successive generations of the disease. Reed and Frost lectured with these types of 

models in the 1930’s, but did not publish any of their work until 1976 (Reed and Frost 

(1976)). Since then Becker has introduced the concept of heterogeneity in infectiousness of 

individuals (Becker (1981)), and the heterogeneity of contact rates, within and between 

households, has been considered by Becker and Angulo (1981). Stochastic models are most 

useful in estimating the duration of various stages in the disease such as the lengths of the 

incubation and infectious periods, and can be used to estimate transmission rates (Elveback 

et al. (1968)). Other than these uses, stochastic models are limited in the context of larger 

communities.

Oscillations in incidence of infectious diseases are widely observed phenomena within 

human communities. Often the periodic or epidemic outbreaks of infection are very regular 

in occurrence, as exhibited by the influenza virus. Such patterns are of considerable interest 

to both epidemiologists and mathematicians. It is now widely accepted that non-seasonal 

fluctuations arise as a consequence of the dynamic interactions between two or more popu

lations. Long-term studies of viral and bacterial diseases in mice colonies show that fluctu

ations in incidence were largely determined by rate of influx of susceptible animals and the 

acquisition of immunity (Greenwood et al. (1936)). Mathematical evidence comes from 

Lotka (1923), Kermack and McKendrick (1927) and Soper (1929), with stochastic work 

done by Bartlett (1956).

It is hoped that, by using the mathematical principles outlined above, it will be possible 

to determine the major factors which cause the influenza virus to follow the dynamic pat

terns of transmission which are observed.

1.9. Aims of the investigation.

The primary objective of this thesis is to gather epidemiological data on the interactions 

of co-existing strains. It is intended that this data will provide a basis for exploring the fac

tors that determine the transmission dynamics of the strains under study using simple math

ematical models.
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Forthis purpose case notifications and serological horizontal cross-sections are analysed 

to discover any trends in the transmission of influenza virus strains, both between age groups 

of the population and during the time period for which the strains were maintained in the 

population.

The thesis is organised as follows. The following chapter details a mathematical model 

which describes the transmission dynamics of two co-existing virus strains in a population 

without age-stratification. The model serves to highlight the principle factors that control 

transmission within human communities.

Chapter 3 describes analysis of data on notifications of cases of influenza to the Com

municable Disease Surveillance Centre. The data are considered with respect to time (lon

gitudinal studies) and age (horizontal studies), to dissect age and time related trends in 

transmission.

Chapter 4 describes the methods used to devise a suitable laboratory-based serological 

test to determine the presence or absence of antibody directed against the specific surface 

antigens of each strain of the influenza virus considered.

In chapter 5 these results are analysed to determine the proportions of different age classes 

in the population which are immune to the various strains under consideration at the time of 

sera collection. The data thus allows the examination of any temporal or age-related trends 

in the acquisition of infection.

The penultimate chapter uses the parameters obtained from chapters 4 and 5 in the math

ematical treatment of the theoretical concepts which have been mentioned earlier, and are 

detailed in chapters 2 and 6, to consider the epidemiological forces behind the observed 

changes in the immune status of an age-structured population.

Finally, chapter 7 compares the observed trends, arising from the analyses in chapters 4 

and 5, with the patterns derived from theoretical concepts explored in chapters 2 and 6. Any 

anomalies arising from these comparisons are discussed and explanations are proposed.

This is the first time that both the analysis of observed data and theoretical concepts in

volving the transmission dynamics of co-existing strains of the same virus in a human popu
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lation have been presented simultaneously. As a consequence some areas are not dealt with 

in complete detail. However, it is hoped that this thesis serves as a useful foundation for fur

ther work on the subject.
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Chapter Two: Mathematical Modelling.

2.1. Introduction.

In this chapter the mathematical model used in the study of influenza virus transmission 

is described. The chapter begins by defining the compartments of the host population which 

represent susceptibility, infection and immunity, and setting down the equations used to 

determine the flow of individuals between these compartments. The parameters which con

trol the transitions between states are defined and their properties summarised. The basic 

model does not take account of any heterogeneity in the population with respect to age. Its 

behaviour is analysed both in terms of the equilibrium states of the model and by numerical 

methods. Chapter 6 considers the more realistic (and hence more complex) situation of an 

age-structured population in which heterogeneous mixing between age classes is assumed.

The equilibrium states of the model are used to facilitate data interpretation and to ex

press various epidemiological parameters in terms of quantities that can be measured from 

recorded epidemiological data of various kinds.

2.1.1. Basic Principles of Mathematical Epidemiology.

The origin of modem theoretical epidemiology owes much to the work of several late 

19th and early 20th century scientists, the most prominent of whom include Farr and Brown

lee, who described the courses of various epidemics in terms of frequency distributions (Farr 

(1840) and Brownlee (1907), and Hamer and Ross, who were the first to consider the prob

lems associated with the transmission of infectious diseases in terms of simple but precise 

mathematical statements (Hamer (1906) and Ross (1908)).

The notion that the course of an epidemic depends on the rate of contact between sus

ceptible and infected individuals was first proposed by Hamer in (1906). This theory, now 

called the ’mass action principle’, assumes that the net rate of spread of infection is propor

tional to the product of the density of the susceptible population multiplied by the density 

of the infectious population. This concept was translated into a continuous-time model by 

Ross during his work on the transmission dynamics of malaria (Ross (1911)).
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Following detailed study of the mass-action theory, Soper (1929) deduced the under

lying mechanisms responsible for the periodicity of epidemics (namely fluctuations in the 

density of susceptible individuals, caused by demographic and epidemiological processes), 

while Kermack and McKendrick (1927) established the ’threshold theory’. The threshold 

theory states that an epidemic of an infectious agent will not occur unless the infectious in

dividuals are introduced into a population of susceptible individuals the density of which is 

above a critical level. These two tenets, the law of mass-action and the threshold theory, are 

considered to be the fundamentals of modem theoretical epidemiology.

Much of the work presented over the past three decades has considered the importance 

of variation and the elements of chance in the spread and persistence of infection, thus lead

ing to the development of probabilistic (or stochastic) models (e.g Bartlett (1956) and Bai

ley (1975)), which are widely used in modelling influenza (e.g. Elveback et al. (1964)).

The areas of mathematical epidemiology which excite most interest at the present time 

include the application of control theory to epidemic models, the spatial spread of diseases, 

the mechanisms underlying recurrent epidemic behaviour, heterogeneity in transmission, 

and the extension of the threshold theory to encompass more complex deterministic and sto

chastic models.

2.1.2. The Epidemiological Modelling of Influenza.

The various types of influenza models considered here can be conveniently categorised 

by the size of the populations involved; these range from small family groups to the popu

lations of whole continents. In accord with this disparity of scale the models used contain a 

diverse number of concepts, some far more complex than others. In this section it is intended 

to give an overview of the problems involved in the modelling of influenza, and thus to ex

plain the rational behind the choice of model employed in the remainder of the chapter. Since 

influenza is used in this thesis only as an example of a virus with co-existing strains the pre

viously published models dealing with influenza are not explored in great detail.

The models most often applied in studies of intra-familial contagion are the ’chain-bi

nomial’ models. These discrete time-step models consider the spread of infection in a fam
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ily as a series of binomial trials; each exposed susceptible individual has a certain probability 

of becoming infected each time a new case occurs in the ’family’. A derivation of the simple 

chain binomial was proposed by Reed and Frost (1976) which takes into account the prob

able number of cases that an individual will be exposed to during the average interval of in

fectiousness of an infected person (this probability changes during the course of the familial 

epidemic). Details of both models (in mathematical terms) can be found in the review by 

Bailey (1976).

The main advantage of studying the transmission of an infectious agent through small 

communities (i.e. 50 to 5,000 individuals) are that the characteristics of the individuals can 

be detailed; i.e. their susceptibility can be assessed, and significant amounts of information 

can be gathered for use in the model with regards to mixing patterns. Two types of model 

are used in conjunction with this type of data, assuming either random or non-random mix

ing populations. The best known of these small community influenza models is that pro

posed by Elveback et al. (1964). The model, designed to consider a non-homogenous, 

non-randomly mixing human population of 1000 individuals, is fully stochastic. Individuals 

which make up the model population pass through the various stages of disease (detailed in 

section 2.2.1) in a random fashion, thus conferring unique characteristics, with regard to the 

course of disease, to each individual. The populations used were designed to mimic, as close

ly as possible, an American community, with each member of the community having char

acteristics assigned to them on separate coded input cards. These characteristics even 

included social and behavioral aspects. This model has been used extensively to test, 

amongst other concepts, that of the secondary attack rate (SAR) as an indicator of trans

mission rates (Longini et. al (1984)).

Most epidemiological investigations of influenza are based on morbidity or mortality es

timates from large populations (Fine (1981)), which are notoriously imprecise due to the 

error and bias of the notification system (see also chapter 3). Deterministic models are gener

ally used, since chance contact becomes of negligible importance in very large populations 

(i.e. 10 to 50 million individuals), and transmission chains are essentially hidden. Large 

population models, therefore, are most frequently deterministic, mass-action formulations 

of random-mixing, homogenous populations. The long-term simulation of influenza infec
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tion in large populations introduces many problems, associated with the persistence of the 

virus and the observed seasonal epidemics. There is a recognised tendency for influenza 

epidemics to have a ’right-skew’ shape over the course of time, and attempts to model this 

(using the deterministic formulation mentioned above) have yielded varying degrees of suc

cess (Spicer (1979)). In general the model is fitted to observed mortality data by a method 

of least squares, with a fixed mortality rate. It is interesting to note that Spicer’s application 

of the mass-action model excluded data which gave bimodal epidemics. In the light of the 

observation (in chapter 3) that most epidemics of influenza consist of two, co-existing, strains 

which lead to the appearance of a bimodal epidemic this omission is a serious one.

Much work has been performed on the geographical spread of the influenza virus in the 

USSR, and an appraisal of the work (by Baroyan and Rvachev) is reported in the review by 

Fine (1981). More detailed analysis of this model is given by Rvachev and Longini (1985). 

The basic model is an inter-locking system of deterministic, mass-action equations describ

ing the transmission of the virus within and between 128 geographical regions (each of which 

is described by a separate set of continuous-time mass-action equations). The geographical 

regions include urban and non-urban areas, each with a specific rate of transmission for the 

virus. Rate of transfer between these regions is designed to represent the immigration and 

emigration of the individuals themselves.

The final use of mathematics in the epidemiological study of the influenza virus is con

cerned with the concept of ’excess mortality’. This is a relatively simple idea and involves 

the regression, in some form or other (commonly by the method of least squares), of a func

tion (consisting of sinusoidal components) to observed mortality data. By estimating the 

changes in the average mortality, in the absence of influenza-induced mortality, over a num

ber of years it is possible to recognise any departures from the expected trends (Serfling 

(1963)). The usefulness of these types of ’predictive’ models are limited, in that they pre

dict no epidemics, and simply analyse past events to ascertain temporal trends in the severity 

of morbidity and mortality.

All the models described above, however, have some limitations. The chain binomials, 

when applied to familial data (Hope-Simpson (1979)), showed that there was marginal evi
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dence for intra-familial transmission. Although flexible to a degree, the Reed-Frost model 

of Elveback et al. (1964) gives no potential for generalisation for larger populations. Direct 

mass-action models have mostly relied on morbidity or mortality estimates for the gener

ation of numerical results. As such these predicted patterns have been compared to observed 

morbidity or mortality trends.

As a consequence of the previous research on the transmission dynamics of the influen

za virus described, and the observed age-dependant variation in the transmission parameters 

(see chapters 3 and 5) it was decided to use a compartmental, deterministic mass-action 

model, considering two interacting strains of the virus and incorporating (in part II) non-ran

dom, heterogenous mixing with respect to age. The model was compartmentalised to take 

into account the various stages associated with the spread of the influenza virus through a 

large population. These compartments, and the assumptions made in deriving the model, are 

described in the following section.

It is hoped that the model used in this thesis will go some way to clarify the problems 

associated with the dynamics of influenza, including those problems raised in earlier chap

ters, such as the lack of recurrence of specific strains, the bi-modal properties of many epide

mics and, in the light of an apparent ’fade-out’ of virus in the non-seasonal months, the 

peculiarity of consistently high levels of seropositivity after the introduction of a particular 

strain.

2.1.3. The Course of Infection with the Influenza Virus.

The course of infection with the influenza virus has been summarised in chapter 1, but 

since it is of considerable importance with respect to compartmental models, the various 

stages associated with infection are considered in detail here. Infection with the virus does 

not necessarily imply that an individual will contract the disease. A significant number of 

individuals become infected but do not manifest the disease clinically. Since these asymp

tomatic individuals are infective, they are important in determining epidemiological patterns. 

Therefore infection with the influenza virus must be specifically distinguished from clinical 

influenza, the disease.
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Figure 2.1; The course of infection with two strains of the influenza virus. Y represents the first 
virus strain, where Vi and Vj represent the second strain. Imax is the maximum interval be
tween two infections, andlmin is the minimum time. L is the latent period and H is the incu
bation time. (Adapted from Fine (1981)).
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The period of time from the point of infection to the appearance of symptomatic disease 

is defined as the ’incubation period’ (Hope Simpson (1948)), which is considered to be be

tween 24 and 72 hours (Sartwell (1950)). The duration of disease itself, if apparent, can 

greatly affect the morbidity statistics and is therefore of some epidemiological importance. 

The duration of the disease, clinical influenza, is approximately 2 to 7 days, with an aver

age of 6 days (Evans (1978)).

Of greater significance to the transmission dynamics of the virus than the parameters 

discussed above are the ’latent period’ and the ’duration of infectiousness’ (see Fig. 2.1). 

The period of time between an individual becoming infected with the virus and the initia

tion of shedding viral particles (i.e. having the potential to infect other individuals) is termed 

the latent period. The latent period is considered to be slightly shorter than the incubation 

period, but some argue that it may in fact be significantly longer (Hope-Simpson (1979)). 

The duration for which an individual is infectious is somewhere of the order of 3 to 6 days 

(Evans (1978)), and has considerable implications on the dynamics of infection, with respect 

to the time interval between infections with viral strains (see Fig 2.1).

For the purposes of the model detailed in the next section two strains of influenza are 

considered to co-exist, and it is assumed that individuals are susceptible to both strains of 

influenza virus when they are bom. Because of the deterministic nature of the system, all 

susceptible individuals become infected with one or other of the virus strains during the 

course of the life of the individual. It is assumed that life-long immunity to one infective 

strain is conferred on the infected individual after infection with that strain. In addition, in 

this system, a certain proportion of all individuals infected with one strain become immune 

to the second strain, and thus cannot become infected by this second strain (the biological 

evidence for these assumptions is due to the ’shift’ and ’drift’ of the antigenic determinant 

of the influenza virus, described in chapter 1). There are therefore two levels of immunity: 

it is possible to be immune to one strain, but not the other; or immune to both strains.

The mathematical model described in the remainder of this chapter attempts to encap

sulate these stages of infection in a biologically realistic manner. The subpopulations de

scribed are represented by different compartments, with the flow of individuals between
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them dependant on the epidemiological parameters determined by a combination of factors 

relating to the biology of the virus strains, to the mixing patterns of the population and to 

the durations of each phase of infection.

2.2. The Model.

2.2.1. An Introduction to the Model.

The model used throughout is compartmental and deterministic, and is derived from that 

described by Castillo-Chavez (1988). In chapter 6 the model is expanded to include age 

structure and heterogenous transmission rates.

Essentially, the model consists of a set of linked differential equations describing the 

flow between subsets of the population, with initial and boundary conditions for these equ

ations. The population is divided into five groups; those individuals who are susceptible to 

infection from either strain (designated as the sub-population X); those who are infectious 

with one of the strains but not the other (sub-populations Yi or Y2, depending on which 

strain); those who are immune to infection from this strain, but not the other (sub-popula

tions Zi and Z2); those who are infectious with a second strain, having recovered from an 

infection with the other (Vi or V2 depending on the strain of current infection); and finally 

those individuals who have been infected with, and are therefore immune to, both strains 

(sub-population W). Figure 2.2 shows the compartments of the model and the directions of 

the change in the sub-populations.

A number of assumptions are inherent in the defmition these classes. Firstly, it is as

sumed that no protection is conferred upon infants by maternal antibodies. This is contrary 

to most deterministic models of this kind which deal with endemic childhood diseases. It is 

assumed in this model that the whole population has not previously been exposed to the 

strain of virus which is epidemic. Secondly, no ’latent’ class is used (unlike most models) 

which intimates that most infected individuals are instantly infectious. No influenza-induced 

mortality is considered, since the relative numbers of mortalities due to the virus are negli

gible compared to the population size (50 million). Finally, it is assumed that antibody pro

tection is lifelong, a fact suggested by the results reported in section 5.4.2.
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Figure 2.2; Schem atic f lo w  diagram  o f  the com partm ental m odel fo r  the transm ission dynam ics  

o f  two co-existing stra ins o f  virus; 1 and  2. X represents the susceptib le population; Y  those  

individuals in fected  w ith one virus; Z those im m une to one stra in  only; while V represents  
the individuals in fected  by two strains consecutively; and  W represents those people im 
m une to both strains o f  the virus. The rate param eters are X the fo rc e  o f  infection, y  the 
recovery rate and  o  the cross-im m unity coefficient (see text fo r  details).

This model of the dynamics of the influenza virus is original in that it differs from that 

of Castillo-Chavez in one major respect. Instead of assuming that cross-immunity simply 

regulates the flow of individuals from the first immune class to the second infectious class, 

it considers that a proportion of those infected initially by one strain will become immune 

to both strains, while the remainder will only be immune to that strain. To facilitate the math

ematical description of this system, immunity is considered to be complete in the selected 

proportion of the population, preventing any infection with the second strain. In terms of bi
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ological reality, this may not be entirely accurate, but it is not possible to represent partial 

immunity in some individuals with the framework defined in Fig. 2.2.

As mentioned above, these five classes (or compartments) are represented by the follow

ing letters, where i can be 1 or 2, representing the strain. Thus if i represents strain 1, j, rep

resenting strain 2, must be equal to 2.

X= Susceptible;

Yi = infected by only one strain (strain i);

Zi = immune to only one strain (strain i);

Vj = infected by a second strain (strain i) after the first (strain j);

W = Immune to both strains.

The following are the Ordinary differential equations which represent the changes from

one class to another.

dX/dt = tiN-[Pi(Yi+Vi)+P2(Y2+V2)+ll]X (2.1)

dYi/dt = pi(Yi+Vi)X-(7i+n)Yi (2.2)

dZi/dt =(l-a)riYi -[Pj(Yj+Vj)+}i)]Zi (2.3)

dVi/dt = pi(Yi+Vi)Zj-(r1+^)Vi (2.4)

dW/dt = yi(aYi+Vi)+72(aY2+V2)-liW (2.5)

N = X +Yi + Y2 + Z1 + Z2 +V l + V2 +W. 

where N = population size.

The parameters involved in the model are; fithe per capita mortality rate, where the 

average life expectancy is 1/(1 (measured in years); a, the cross immunity coefficient, rep

resents the degree of herd immunity conferred on a community to infection with a second 

strain of the virus as a result of previous exposure, of the population, to an antigenically simi

lar strain of the same virus during an earlier season. The value of the cross immunity coef

ficient is measured as a proportion of the population.



-52-

pi, the average number of ’successful* contacts (i.e. those contacts resulting in a successful 

transmission of the virus), per infective, per day (the daily contact rate) for the virus strain 

i; and y i, the daily recovery rate, where 1/y i is the infectious period in days for a person in

fected with strain i (see Fig. 2.1). The infectious period is set such that the values are equal 

for both strains 1 and 2 since there is no significant biological evidence to the contrary. These 

parameters lead to some useful expressions in terms of the rate of change of the population; 

yY represents the rate at which individuals recover from infection and pi(Yi+Vi) denotes 

the per susceptible rate, or force, of infection with virus strain i.

2.2.2. Parameters involved in the model.

The parameter values are estimated from various sources including epidemiological data 

(see chapters 3 and 5), clinical observations and demographic tables. The magnitude of the 

parameters determines the ’rates of change’ between the various classes associated with in

fection. It is the parameter assignments, therefore, that facilitate the comparison of observed 

situations with predictions in terms of the models behaviour under controlled circumstan

ces. In this study, where possible, the parameters have been determined from the epidemio

logical data available. The parameters under consideration are summarised in Table 2.1.

It is important to reiterate that throughout this chapter it is assumed that all parameters 

are constant with respect to both age and time.

Table 2.1; The base-line parameters used in the numerical analysis of the non age-struc
tured model.

Parameter Symbol Value
Time Step t 1 day
Death rate 3.7xlO'5 day'1

Recovery Rate Ti 0.16 day’1

Proportionality Constant Pi 0.4 day'1

Cross-immunity Coefficient a 0.5
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(a) The Constant of Proportionality (P)

The constant of proportionality, p ,is the combination of two biological quantities; the 

rate of contact between infectious and susceptible individuals per unit of time; and the prob

ability that a contact will result in infection. In this chapter P is assumed to be a constant 

with respect to time and age, and is measured per person per day. In this case, where a con

stant proportionality is used for all ages, the values are estimated to give biologically real

istic numerical analyses. During the numerical analysis of the model the value of the 

proportionality constant for strain 1 is held constant at the base-line value, and the value for 

strain 2 is varied. This allows an examination of the model under controlled conditions of 

parameter variation.

In chapter 6 the constant of proportionality is expanded to cover the situation where p i 

s heterogenous between age groups; the age- dependent function P(a,a’) is discussed, and 

the concept of the ’who acquires infection from whom’ (WAIFW) matrix is introduced (An

derson and May (1984)).

(b) The Cross-immunity coefficient.

For the purposes of this study it is assumed that a certain proportion of those persons in

fected with either strain 1 or 2, in the first instance, will become immune to both strains. 

This proportion is represented by the parameter c; the cross-immunity coefficient. This par

ameter is determined from observed data by calculating the ratio of persons infected with 

strain 1 compared to those infected with strain 2 when the two strains are epidemic in the 

same season (see chapter 3). The value of a  is assumed to be a constant value between 0 and 

1 for the interaction between two co-existing strains, but to differ between varying pairs of 

strains. The actual estimation of this parameter is somewhat problematical, since it is not 

possible to determine which strains confer immunity on other strains. However, by conside

ring strains which co-exist in the same season (although not strictly speaking causing im

munity between each strain) and from other data of this sort (Castillo-Chavez (1988)) it is 

possible to derive crude values for a.
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(c) The Recovery rate (y).

The recovery rate, y, is determined from the duration of infectiousness, and is considered 

to be the reciprocal of this time period, which is estimated as being between 3 and 9 days 

(Evans (1978). This gives a value for y of between 0.33 and 0.17 day’1. For the majority of 

the numerical analyses the recovery rate is considered to be equal for both strains of the 

virus, since there is no evidence to the contrary at present. However, this value is varied for 

the second strain for some analyses, to determine the effect that this has on the dynamics of 

the two strains. While the value for the recovery rate is varied for strain 2, it remains con

stant at the base-line value for strain 1.

(d) The Mortality rate (p.).

The mortality rate is determined as the reciprocal of the average life expectancy, taken 

to be 75 years throughout this study, giving a value for p, which is 0.0133 year’1. Ob

viously this constant mortality rate leads to the somewhat unrealistic result of some individ

uals living to an age considerably in excess of 75. However, due to the relatively short time 

period over which the model is run, this simplification does not have a major impact on the 

predicted trends in the incidence of infection. In the age-structured model presented in chap

ter 6 the value of this parameter is of more consequence, and therefore a more realistic step 

function is used to represent the host mortality (Anderson and May (1983)).

As mentioned earlier, no disease-induced mortality is considered.

2.3. Equilibrium Properties of the model.

An important concept, introduced by McDonald (1952) and refined by Dietz (1975) and 

others, is that of the ’reproductive rate’ of an infection, Ro. For directly transmitted viral in

fections Ro is defined as the average number of secondary infections produced when one in

fectious individual is introduced into a population of susceptible individuals of defined 

density (this is equivalent to the ’net reproductive value’ of Fisher (1930)). Therefore, Ro 

depends both on biological factors that control the course of infection in an individual host 

and on environmental (or social) factors relating to contact within the host population.
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For a virus which is at an endemic equilibrium in the host population it is possible to 

determine the fraction of the total population still susceptible to infection from the virus (An

derson and May (1991)). This is denoted by x, where

x= X/N.

For a homogenously mixing population, x is related to the value of Ro as follows:

Ro = 1/x
(Anderson and May (1991)). In this situation, where two strains of the same virus co

exist, it is possible to consider two separate values for Ro. The basic reproductive rate of the 

virus itself (taking into account the effects of both strains on the susceptible population) can 

be represented as Ro’, and is not easily determined. However, the basic reproductive rate for 

each of the strains of the virus in (Roi’) can be determined using equation (2.7). To give an 

indication of the values of the basic reproductive rate, these values are calculated for the sep

arate strains, ignoring the effects which will be caused due to the co-existence of these strains. *

Table 2.2; Observed and Predicted values for the Basic Reproductive Rate for two co
existing strains, assuming all parameters are as detailed in Table 2.1, except the proprtion- 
ality constant for the second strain, which is varied. The model is run until equilibrium is 
reached.

Reproductive Rate (Ro) Proportionality Constant (day'1) X
Observed: + 8 -20 - -

*
Predicted: 2.5 0.2 0.40

3.1 0.4 0.32
4.2 0.6 0.24
5.3 0.8 0.19

*Estimated from equation (2.7).

"̂ Data from table 5.2 using equation (6.18)
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This in effect assumes that Roi’ is equivalent to Roi (the reproductive rate for the virus in 

isolation), which is probably incorrect. Unfortunately, it is beyond the scope of this thesis 

to calculate values for the strain-specific basic reproductive rate in the situation observed 

(Roi’), where cross-immunity affects the strain-specific values of Roi, by limiting the frac

tion of the population which is susceptible to infection with other, co-existing virus strains.

The number of susceptibles, X, and the total population, N, are as defined earlier. Ob

vious limitations are placed on the generation of secondary cases of infection when the frac

tion of the population susceptible becomes less than 1, assuming that the acquisition of 

infection is directly proportional to the density of the susceptible population (the assump

tion of ’weak homogeneous mixing’(Anderson and May (1985)). If there are an unlimited 

supply of susceptible individuals the number of secondary cases of infection is simply the 

value of Ro. However, if some fraction of the population is immune, the resultant number 

of infected persons will be dependent on both the fraction of the population susceptible and 

the basic reproductive rate of the virus strain, Roi. This introduces the concept of an ’effec

tive’ reproductive rate, Ri (Anderson and May (1983b)), which is defined as

Ri = Roix (2.6)

By definition, an infective agent at an endemic equilibrium in a host population will, on 

average, produce exactly one secondary infection from every primary infection. Therefore, 

at equilibrium, the effective reproductive rate will always be equal to 1, and hence

R0i^= 1. (2.7)

It is, therefore, an easy task to obtain an estimate for the strain-specific basic reproduc

tive rate, R0i, from the serological data presented in chapter 5, bearing in mind that these 

values probably do not represent the situation observed here exactly since the strains are not 

at an endemic equilibrium, however, this is the best estimate that can be made. It is also 

possible to compare these with estimates made from the numerical analysis of the model 

(see Table 2.2).

Other methods commonly used to estimate Ro, from equilibrium versions of equations 

similar to those presented here, but representing the transmission dynamics of only one strain
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(e.g. Anderson and May (1983) and Dietz (1975)), are not applicable to this system due to 

the complexity of the equations under study. Studies on single strain systems have shown a 

relationship between the rate parameters and the value of Ro, which is reliant on the assump

tion of ’strong homogeneous mixing’ (i.e. the overall transmission of the virus is dependant 

on both the density of the susceptible and infected individuals). However, for the case in

volving two co-existing strains described here, the infectious population is derived from two 

separate sources; those individuals infected with only one strain and those infected conse

cutively with both strains (the Y and V populations respectively in equations (2.1)-(2.5)). 

This introduces sufficient complexities in the derivation of an expression for x in terms of 

the rate parameters that the resultant solution to the equations does not provide a simple de

finition of Roi (which would effectively be Roi’; the reproductive rate for a strain which co

exists with other strains, all dependent on the same pool of susceptible individuals). From 

table 2.2 it can be seen that much higher strain-specific basic reproductive rates are observed 

than are predicted by this model. From numerical analysis of the model, varying the con

stant of proportionality (which is equivalent to the transmission probability), it can be seen 

that this implies that the resultant equilibrium population of susceptible individuals should 

be smaller. This in turn may suggest that the values used for the constant of proportionality 

are too small in magnitude. However, from the results of the next section it can be seen that 

the presence of cross-immunity acts to lower the resultant equilibrium number of suscep

tible individuals, and thus correspondingly raises the value for the reproductive rate if the 

simple definition of Roi (based on a single strain of the virus) is used as defined in equation 

(2.7).

2.4. Numerical analysis of the homogenous mixing model.

The numerical analysis of the model defined by equations (2. l)-(2.5) was performed via 

integration using the fourth order Runge-Kutta method, with a fixed time step, via the dif

ferential equation solving software Solver (Rev. 4).

Using the ’base-line’ parameters which have been determined (chapter 3), and estimates 

from the literature (see Table 2.1), and varying these parameters in a controlled fashion, it 

is possible to examine the changes in the sub-populations of the model under different con-
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Figure 2.3; N um erica l solution o f  the m odel using *base-line' param eter values estim ated fro m  

serological studies and  dem ographic tables (see Table 2.1 fo r  details); x  is the proportion  

o f  the population susceptible, y  and  v are the proportion o f  the popula tion  infected w ith one 
or two strains respectively, z is tha t proportion  o f  the popula tion  im m une to one strain only, 

while w represents the proportion  im m une to both strains o f  virus.

ditions. A numerical solution of the non age-structured model over time, using the base-line 

parameter set is presented in Fig. 2.2 with all parameter values shown in Table 2.1. It is use

ful to compare the resultant epidemic with that described by the case notifications shown in 

Figs. 3.1 and 3.2, and to note the sharp increase in the proportion of the population which 

becomes seropositive. In both cases, the numerical analysis of the model and the observed 

case notification data, the epidemics are short-lived and, therefore, lead to a very rapid con

version of the population from susceptible to infected, and hence immune. It is this rapid 

seroconversion of the population which characterises the transmission of the influenza virus, 

and is, therefore, an important consideration in the mathematical treatment of this problem.
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2.4.1. Variation in the proportionality constant.

Figures 2.4(a) and (b) show the response of the model to variations in the proportion

ality constants (pi and p2) of the two strains. Perhaps the most important point which arises 

from this analysis is that the changes in the proportionality constant (which are within biol

ogically realistic limits) do not effectively change the rate of rise in the proportion of the 

population which becomes seropositive, but merely limit the magnitude of the resultant pro

portions as time progresses.

Variation in the magnitude of the proportionality constant leads to some predictable re

sults in terms of the size and shape of the epidemic curves (Fig. 2.4(b)). In this example, the 

value forpi is held constant at 0.4 day-1, and P2 is varied between 0.2 and 1.0 day-1. It can 

be seen that in the situation where the two co-existing strains do not confer immunity to each 

other, there is a simple relationship between the size of the second epidemic and the magni

tude of the respective force of infection. However, if there is an element of cross-immunity, 

the two strains compete for the pool of susceptible individuals. The strain which has the 

greater force of infection will therefore cause an epidemic of cases considerably greater than 

the strain with the lesser force of infection. This is illustrated in Fig. 2.5(a) and (b) which 

demonstrates the relationship between the strain specific force of infection of the second 

strain (where the transmission probability of the first strain, pi, is kept constant at 0.4 day- 

1) for the two scenarios, with or without cross-immunity. It can be seen that when no cross- 

immunity occurs the number of individuals infected with the first strain is not affected by 

the magnitude of the proportionality constant of the second strain (Fig 2.5(a)). In the case 

where immunity is conferred on the second strain by the first, and vice-versa, it can be seen 

that the strain which has a greater ’infectivity’ (as determined by the constant of proportion

ality) will be in a position to infect the pool of susceptibles significantly quicker than the 

strain with the lesser infectivity, and hence convert these susceptibles to non-susceptible in

dividuals in terms of infection with the competing strain. Thus the strain with the larger value 

of Roi will have its reproductive potential reduced due to competition despite the fact that 

no change in the actual value of the proportionality constant occurs (Fig 2.5(b)).
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Figure 2.4(a); Variation o f  the proportion  o f  the popula tion  immune to both strains; and  (b) 
variation in the proportion o f  the po p u la tio n  in fected  w ith the two strains, dependant on  the  

varying proportiona lity  constant; a ) p2 = 1.0, b) P2= 0.8, c) p2 = 0.6, d) p2= 0.4, e) P2 = 
0.2 d a y 1. The cross-im m unity coeffic ien t (o )  is 0 .5  throughout, pi = 0.4 d a y '1.

Time (Days)

Figure 2.4(b); variation in the proportion  o f  the popula tion  infected with the two strains, de

pendan t on the varying proportionality  constant; the dotted line represents those individ

uals infected w ith strain 1, and  the o ther lines show  the proportion infected w ith stra in  2, 

where the top line is p2 = 0.42, a n d  the low er lines are p2 = 0.41, 0.40, 0.39 and  0.38 re

spectively and  pi = 0.4 d a y '1.
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Proportionality constant for strain 2; p2.

Figure 2 5 ;  A com parison o f  the num bers o f  individuals in fected  with the two strains o f  

the virus, and  the variation in the proportiona lity  constant o f  the second strain. A ll o ther  

param eters are  the base-line param eters show n in Table 2 .1 , w ith $ \= 0A ,and  $2 as 

shown, a) Show s the situation with no cross im m unity, and  b) show s that with a cross-im 

m unity coefficient o f  0 5 .
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1.0

Time (Days).

Figure 2.6; The results fro m  num erical analysis o f  the m odel, w ith only one strain p resen t (i.e. 
all param eters fo r  the two strains are  identical, as show n in table 2.1), over a period  o f  ap

proxim ately 110 years. N ote  the regularity  o f  the recurrent epidem ics, and the dam ped os

cillations o f  the in fected  and  susceptib le populations.
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Figure 2.7; The results fro m  num erica l analysis o f  the m odel, with two strains p resen t  
(the proportionality  constants f o r  the tw o stra ins are $\=Q Aand  P2=0.3 d a y 1 respective
ly) over a p er io d  o f  approxim ately 110 years. A ll o ther param eters are as deta iled  in 

Table 2 .1. N o te  that the susceptible popu la tion  does not show  classic dam ped osc illa 

tions, and the recurrence o f  the epidem ics, considering both strains, is irregular.
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In the long term (that is more than 50 years) the relative forces of infection are also im

portant, in that with the equivalent of only one strain circulating (i.e. the forces of infection 

are the same) a system of damped oscillations is observed (Fig. 2.6). However, in the situ

ation where the two strains have different forces of infection, each strain appears to be 

epidemic on a different time scale to the other, thus causing out of phase damped oscilla

tions (see Fig. 2.7). This observation has considerable significance with respect to the ob

served, apparently unpredictable, epidemic nature of co-existing influenza strains.

It is also possible to introduce the second strain into the population after a time delay. 

Figure 2.8 shows the case where the second strain is introduced into the population 5 years 

after the first. No cross immunity is considered so that the epidemics caused by the two 

strains can be directly compared. It can be seen that no significant difference in the epidemic 

patterns are caused by this time delay. It can reasonably be assumed, therefore, that the same 

effects as those described above occur after a time delay between the introduction of the two 

strains. Therefore, it is possible to conclude that the effects of cross-immunity will be ap

parent in the same season or in temporally separate seasons.

Although the concept of the basic reproductive rate is dealt with in detail in chapter 6, it 

is useful to examine the effect of varying the proportionality constant on the value of the 

basic reproductive rate. Table 2.2 clearly shows that the reproductive rate is increased pro

portionally to the transmission probability (pi) of the virus strains.

2.4.2. Variation in the cross-immunity coefficient.

The effect of varying the cross-immunity coefficient a  on the size and shape of the 

epidemics is shown in Fig. 2.9. From analyses of this type it is possible to derive a direct re

lationship between the value of a  as defined in section 2.2.2.C and the ratio of the propor

tion of individuals infected with the first strain compared to the proportion of individuals in

fected with the second. This relationship is shown in Fig. 2.10, thus, if it was possible to be 

sure which strain caused immunity to another it would be a simple matter to quantify this 

value, by determining the numbers of individuals infected by each strain of the virus.

By performing numerical analyses with varying cross-immunity coefficients it is 

possible to determine the effect of this parameter on the final equilibrium value of the sus-
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Figure 2 .8; The results fro m  num erical analysis o f  the m odel, w ith two strains presen t 

(the proportionality  constants fo r  both  stra ins are Pl=p2=0.4  day '1), with the second  

strain being in troduced 5  years a fter  the f ir s t. C ross-im m unity is assum ed to be negli
gible, and  it can be seen  tha t the tw o stra ins are thus unaffected  by each other, and  the 
passage o f  tim e has little effect on  the size a n d  shape o f  the epidem ic curve.
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Figure 2.9; The effect o f  varying the cross-im m unity coefficient (a ) on the num ber o f  individ
uals infected w ith the second  virus strain . a= 0.0 (top line o f  second strain), 0.2, 0 .4 ,0 .6 , 
0 .8 ,1 .0  (bottom  line, w hich is on the x-axis). p is 0.4 d a y 1 throughout fo r  both strains.
A1 represents the to ta l num ber o f  individuals in fected  w ith stra in  1, where A2 is the (va
rying) num ber o f  individuals in fected  w ith the second  strain.

ceptible proportion of the population and hence on the value of the basic reproductive rate 

of the virus strain. From analyses of this type it was found that, with a constant value for p 

of 0.8 day-1, the proportion of the population which was susceptible at equilibrium with a 

value of 0.0 for the cross-immunity coefficient (i.e. no cross immunity) was 0.45. If the cross- 

immunity coefficient was 0.8, this proportion was reduced to 0.365. These susceptible pro

portions of the population are equivalent to Roi values of 2.22 and 2.74 respectively. Thus 

cross immunity between co-existing strains of the same virus would appear to raise the value 

of the joint basic reproductive rate (for both strains combined), Ro\ over that persisting for 

either strain in isolation, Roi.

2.4.3. Variation of other parameters.

The numerical results derived from variation of parameters representing the infectious 

period and the average life expectancy are identical to those performed in similar studies on
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Cross-immunity Coefficient (c).

F igure  2 .10; Relationship betw een the cross-im m unity  coefficient (o ) a n d  the ratio o f  in 

fe c te d  individuals (A ffA i), derived fr o m  num erical analysis o f  the d ifferentia l equation  

system . A \  is the num ber o f  individuals in fec ted  w ith one strain a n d A i  is the num ber o f  
individuals in fected  w ith two.

other directly transmitted viruses (see Anderson and May (1983a and 1985) for example). 

Therefore, it is not relevant to comment on them in this study, as they have no direct bear

ing on the outcome of numerical analyses unless they are greatly in excess of, or less than, 

the values suggested by epidemiological studies.

2.5. Discussion.

Numerical analysis of this simple non-age-structured model has given some useful in

sights into the dynamics of co-existing strains of the same virus. In terms of the rudimen

tary relationship between two strains of different infectivity which co-exist, assuming no 

cross immunity occurs, it can be seen that similar patterns arise to those observed from case 

notification data (see chapter 3). It is clear that two strains which do not interact to any great 

degree, or share the same pool of susceptible individuals, will cause epidemics which are 

varied both in their magnitude and duration depending on the values of the parameters that 

determine the magnitude of Roi. However, it is useful to explore the possible role of cross
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immunity in the dynamics of co-existing strains, to determine what differences this effect 

causes on the patterns of infection within a community. From Fig. 2.9 it can be seen that the 

cross-immunity coefficient may well have some considerable bearing on the transmission 

of co-existing strains, and it has also been shown that cross-immunity causes an alteration 

in the behaviour of co-existing strains in terms of the observed efficiency of transmission of 

each strain (Fig. 2.5). Thus, by introducing an element of cross reactivity between strains, 

these strains are forced to compete for susceptible individuals. This very competition for 

susceptible individuals causes irregular patterns with respect to the reappearance of each 

strain of the virus (Figs. 2.6 and 2.7).

In terms of the time scale which can be imposed on the reappearance of a particular strain 

of a virus, it has been shown, numerically, that the same dynamics are observed between co

existing strains even if the appearance of the second strain is delayed by as much as 50 years. 

This indicates that, if the immunological memory is lifelong, immunity conferred on one 

strain of a virus by a previously circulating strain, which is antigenically similar, will also 

last a generation. Not until the population of susceptible individuals has sufficiently replen

ished itself, via new births, will the effects of cross-immunity be lost.

The two strain model consisting of ordinary differential equations, which do not take 

into consideration the variation of the population with age, shows that whereas variable 

forces of infection will alter the proportions of the population which are immune to the 

viruses, it is possible that the cross-immunity coefficient (in combination with these strain- 

specific forces of infection) causes the epidemics to take the form that is observed in case 

notifications (see chapter 3). The relationship between the force of infection and the size of 

the epidemic shows clearly that the cross-immunity coefficient is not necessary to generate 

the patterns that are observed from case notification data. However, it can be seen that cross 

immunity has a limiting effect on the size and duration of any epidemic (Fig. 2.9). If there 

is a significant role played by strain specific cross immunity it may well be as a limiting fac

tor in both the size and shape of the epidemics, and also in the number of strains which can 

co-exist in any one season. Thus, because strains which confer immunity on each other are 

essentially competing for the resource pool of susceptible individuals in the community, the 

number of strains which can co-exist is probably limited.
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The numerical analysis of the model has shown also that the effect of cross-immunity 

may well be long lasting, due to the time needed for the number of susceptible individuals 

to build up to an appropriate threshold value (via new births) after the initial epidemic. Thus, 

an epidemic of a new strain in a given season may well affect an antigenically similar strain 

in a subsequent season. This makes it imperative to examine case notification data to deter

mine whether there are noticeable trends in the long term patterns of epidemics, or whether 

the epidemics appear unpredictable, which is what the basic model suggests (Fig 2.7). It is 

useful to consider the epidemics both in the same season, and in different seasons, to deter

mine whether a long lasting cross immunity is observed.

The estimation of a cross-immunity coefficient is obviously problematical, since it is not 

possible to determine exactly which strain confers what degree of immunity against other 

strains in the absence of experimental infection in volunteer patients. However, an idea of 

the magnitude of this parameter can be obtained from case notification data, simply by com

paring the size of two epidemics of different strains occurring in the same season. It must 

be noted that the estimation procedure is very crude since other parameters, such as the mag

nitude of Roi for a given strain, will influence the relative magnitude of the observed 

epidemic.

In terms of the reproductive rate which can be derived from the numerical analysis of 

the model, it has been shown that, in the same way that increased infectivity of a virus in 

isolation acts to raise the reproductive rate, so do the infectivities of two strains of the same 

virus which are co-existing. It can also be shown that cross-immunity between two co-exist

ing strains causes the overall reproductive rate of the two strains combined, Ro\ to be elev

ated (calculated using the single strain definition of Ro given in equation (2.7) considering 

the virus as a product of both strains). This is due to the pool of individuals susceptible to 

the virus becoming limited as a consequence of increased cross-immunity between co-exist

ing strains of the same virus. This is of some importance, considering that the observed strain- 

specific reproductive rates of the strains under consideration (see Table 2.2) are higher than 

those predicted by the model. This might be a direct consequence of the strains being appar

ently epidemic each year, or it may well be the case that the observed reproductive rates are 

raised due to some degree of long lasting cross-immunity between the two strains.
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Chapter Three: Age-Stratified Case Notifications.

3.1. Introduction.

Public health records of infectious disease notifications are a valuable source of epidemi

ological information in the United Kingdom. These records have been more widely used in 

past epidemiological studies than serological surveys (Grenfell and Anderson (1985) and 

Anderson and May (1983b)) especially in the study of the influenza virus (Chakraverty et 

al. (1982 and 1986), Pereira and Chakraverty (1977 and 1982), Glezen (1980 and 1982), 

Glezen et al. (1982 and 1980), Hope-Simpson (1978,1979 and 1981) and Hope-Simpson et 

al. (1987)). Case notifications for diseases such as mumps, measles, pertussis, rubella and 

influenza yield information on the change in the proportion of a community or a population 

who have experienced a particular viral or bacterial infection. To give suitable information 

on the proportional changes in the population with respect to age, the case notifications 

should be for a specified time interval (either a month, a year or an epidemic season) and be 

age-stratified (Griffiths (1974), Fine and Clarkson (1982), Grenfell and Anderson (1985), 

Anderson and May (1985)).

Many problems arise with the use of case notifications as indicators of infection in a 

population. Most important of these is the error associated with any bias in reporting which 

may occur. As discussed in chapter 1, the younger age groups and the elderly are more prone 

to developing complications from infection with the influenza virus. This will tend to result 

in individuals in these age groups seeking consultations with their General Practitioners far 

more frequently than those persons in age groups which are less likely to develop compli

cations. Thus more positive ’cases’ will occur in the very young or elderly age groups. The 

second problem is that involving the distinction between infection and disease. To success

fully obtain data for the estimation of the epidemiological parameters which are central to 

the transmission dynamics of directly transmitted viruses it is essential that the proportion 

of the population infected with the virus is known. Case notification data, however, will be 

biased towards those individuals who show clinical signs of disease, since these individuals 

will be more likely to be in a situation involving the routine sampling of blood. It is these
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routine blood samples which are used in the diagnosis of viral infection from which the no

tification data is acquired (which in itself is limited by the accuracy of the test used to de

tect the specific strain of influenza). Therefore, this data will be biased towards cases of 

disease, as opposed to cases of infection. Taking all this into account, however, it is still 

possible to assume that the results will maintain a constant bias through time, and thus be 

comparable between epidemic periods. It should also be possible to compare these findings 

with those obtained through the analysis of serological data.

Age related trends in influenza A case notifications (obtained by the Public Health La

boratory Service (PHLS) from various sources in England) are explored in this chapter with 

the following three aims;

(a) To determine if there are consistencies in important characteristics such as the age- 
related nature of influenza A transmission rates between the two sources of informa
tion, and if there are not, to explain why. It is also useful as an additional source of 
information where serological data is lacking. It can thus provide epidemiological 
information of a different sort from that derived from serological surveillance as 
presented in chapter 5.

(b) To determine if there are any trends in the occurrence and size of influenza A epide
mics, both in terms of subtypes and strains, other than the obvious seasonal variation, 
and to explore any temporal trends in the average age at infection. This is studied by 
the analysis of the incidence of the influenza A virus (detailed in section 3.5.).

(c) To justify the need for influenza epidemiological data based on serology by estab
lishing that not only is there a paucity of case notification data, but also that there are 
serious limitations in the assumptions underlying the analysis of case notifications 
(see section 3.3).

3.2. Sources of Case Notifications.

Influenza is not nationally notifiable in the UK in contrast to, for example, measles, 

whooping cough and diphtheria. However numbers of confirmed influenza infections dis

covered in routinely collected blood samples by Public Health laboratories (referred from 

General Practices and hospitals) are collated by the Communicable Disease Surveillance 

Centre (CDSC), in Colindale, London.

Unfortunately, data that are divided by age for specific strains are only available for one 

epidemic season (from Chakraverty,P. - pers. comm.), namely that of 1982/83. In addition, 

the data presented is grouped into inconvenient age classes (the raw data was not available).
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The temporal trends in the occurrence of epidemics from 1973 to 1989 is presented in 

Fig. 3.1 (data from the PHLS weekly reports), with the data age stratified and subtype-spe

cific for the years 1977 to 1985 in Fig. 3.2 (from Chakraverty (1982) and Periera and Chak- 

raverty (1977 and 1982)). Unfortunately there is no reliable data available from the CDSC 

for weekly case reports for any years before 1973, nor are the subtype-specific data from 

1985 onwards published. In most yearly seasons there are other strains present which do not 

constitute an epidemic, as well as there being some cases of influenza B. However, those 

strains which do not cause sufficient cases to enable them to be considered as causing an 

epidemic (see chapter 1 for details) are assumed to have a negligible effect on the immune 

status of the population, and are thus not analysed in conjunction with those strains which 

do cause excess mortality. Details of these sub-epidemic strains can be found in the papers 

by Chakraverty (1982) and Periera and Chakraverty (1977 and 1982).

Year.

Figure 3.1; The annual epidem ics o f  influenza A fro m  1973 to 1989. The seasonal trends 

in epidem ics is clearly shown, w ith the epidem ics occurring approxim ately a t the be

ginning o f  each year ( in m onths January to M ay). D ata  fro m  the weekly P H LS reports.
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Figure 3 .2; The reported cases o f  in fluenza A  fro m  1978 to 1985, show ing the subtypes and  

strains o f  the virus. The dotted  line represents the H1N1 subtype, and  the so lid  line rep- 
resents the H3N2 subtype, new  stra ins occur each year. D ata fro m  Chakraverty e t al. 
(1982 ,1986 ) and Perriera and  C hakraverty (1977).

It can be seen from Fig. 3.2 that influenza A causes yearly epidemics, with the major 

peak in incidence in the first 14 weeks of a new year. It can also be seen that in most years 

two subtypes are present, with one subtype always causing a larger, earlier epidemic than 

the second strain.

A further analysis was conducted on the data, to determine whether there was any corre

lation between the epidemics of each subtype. Cross correlations were carried out between 

the two time series for both seasonally adjusted, and seasonally unadjusted data, with the as

sumptions that the series of the H1N1 subtype was leading that of the H3N2 subtype and 

vice versa (Chatfield (1975)). Those results which showed a significant correlation between 

the two subtypes are; both sets of data with seasonal trends removed and the normal data for 

the H3N2 subtype followed by the H1N1 subtype. These results are shown in Figs. 3.3 and 

3.4. It can be seen that the most significant correlation is that for H3N2 leading H1N1, where
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Figure 3.3; The cross correlation resu lts  fo r  the case w here the H1N1 subtype leads the 

H3N2 subtype, (a) with no correction fo r  seasonality and  (b) seasonally corrected. The  

top and bottom  horizontal lines represen t the 95%  confidence limits. The centre line  

denotes zero correlation.
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Figure 3.4; The cross correlation results fo r  the case where the H3N2 subtype leads the 

H1N1 subtype, (a) w ith no correction fo r  seasonality and  (b) seasonally corrected. The  

horizontal lines are as defined in F ig. 3.3.
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Year.

Figure 3 5 ;  The reported  cases o f  in fluenza  fo r  the 1982 to 1983 period , show ing the two 

m ajor strains involved. The do tted  line represents A /Eng/333/80 (H 1N1) and  the solid  
line represents A /Bel/1/81 (H 3N 2). D a ta  fro m  C hakraverty et al. (1986).

there is a good positive correlation (Fig 3.4(a)). This implies that (due to the effect of sea

sonality) if H3N2 occurs in the population before H1N1, it is very likely to be followed by 

an epidemic of HIN1 in the same year. However, no other obvious patterns are clear.

Figure 3.5 shows in more detail the epidemic of the season 1982/83, with the two sub- 

types in evidence. In this case the two strains (each a different subtype) were A/Bel/1/81 

(H3N2) and A/Eng/333/80 (H1N1), which are discussed throughout this chapter and are 

considered with respect to age specific serology in chapter 5. The point to observe from Fig.

3.5 is the basic shape and pattern of the epidemics; this is of relevance to the numerical ana

lyses reported in chapter 2. This pattern is consistent with that described by Glezen et al.

(1982) as being a ’Herald Wave’. Glezen considered that the smaller of the two epidemic 

curves was indicative of the presence of the next strain of virus that will cause an epidemic
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in the following season. However, after several years no further Herald Waves were ob

served, which essentially disproved this theory. It is still useful to note that the consistent 

shapes and recurrence of the ’bimodal’ epidemic curves are observed both in Texas (Glezen 

et al (1980a, 1980b, 1982a and 1982b)) and in England and Wales (Chakraverty et al. (1982 

and 1986)). It is this bimodal shape of epidemic that is a characteristic feature of co-exist

ing influenza strains. In this thesis the concept that this pattern could represent the result of 

cross-immunity between two co-existing virus strains is considered. It is proposed that these 

patterns are observed due to individuals becoming infected with the first strain of virus, 

which reduces the size of the susceptible population for the next strain. Therefore, subsequent 

epidemics of either the same virus, or antigenically similar viruses, will be both smaller, and 

temporally more separate. This follows on from the results generated by the numerical ana

lysis of the basic mathematical model described in the preceding chapter.
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Part L Age-dependent Variation in Transmission.

3.3. Methods of Analysis.

For the purposes of investigations of this type it is assumed that the accumulated pro

portion of cases, with age, from notifications reported over one season mirrors the cumula

tive infection of a cohort of individuals from birth through time (Anderson and May (1985)). 

Recovery from many acute viral infections confers lasting immunity to re-infection, and as 

a consequence these data are taken to represent age-related changes in the proportion of the 

population who have specific immunity.

Implicit in this assumption is that the rate of transmission for the infectious disease agent 

is constant through time. Seasonal fluctuations in rates of infection are well documented (for 

example Fine and Clarkson (1982)), and infection rates also vary over epidemic cycles and 

even longer periods (Grenfell and Anderson (1985)). In these studies the supposition that 

horizontal age-stratified information reflects longitudinal trends applies equally well to case 

reports as it does for serological data (Anderson and May (1982b and 1985), Grenfell and 

Anderson (1985)). However, in this case, these assumptions do not hold true. Because the 

virus strains are epidemic over single seasons, and do not reach an endemic equilibrium, the 

assumption that the accumulated proportion of cases with age mirrors the cumulative infec

tion of a cohort of individuals from birth through time is incorrect. Since there is an obvious 

marked change in the rate of transmission through time (specifically from zero to some posi

tive value over the course of the first epidemic) this method cannot be used to measure the 

force of infection. In fact, due to the epidemic nature of the influenza virus, no precise value 

can be attributed to the age-specific forces of infection for each strain. However, some idea 

of the age-dependent nature of the transmission of the strains can be obtained by simple ob

servations of the case notification patterns with respect to age.

For case notifications the assumption must be made that every age group is reported with 

equal efficiency (Collins (1929), Fine and Clarkson (1982)), i.e. there is no age related bias 

in reporting. It is very difficult to determine to what extent over or under reporting occurs
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in influenza cases, but to help alleviate this problem, all data is weighted by the proportion 

of the population that the age group in question occupies in the population as a whole.

The case notification data is considered at two levels. Initially it is assumed that there is 

no strain or subtype interference. In other words only the influenza A virus is taken to be in 

circulation. Secondly the subtypes (which are strain classified where possible) are treated as 

being independent of each other, thus giving a crude reflection of the impact of cross-im

munity between the two strains, if any.

3.3.1. Average Age of Infection.

It is useful to examine the average age at which individuals become infected, since this 

gives an indication of the force of infection of a given strain in a community with co-exist

ing strains of a virus. Thus, if the average age of infection is low the net force of infection 

is high, and vice versa. It must be emphasised that this average age is not analogous to the 

average age at first infection with a virus which is known to be endemic in a community, 

since there can be no guarantee that there is a constant force of infection acting on each age 

group over the years studied. The concept of endemic versus epidemic virus strains is dealt 

with in detail in section 5.7.3. However, the weighted mean age of infection does give an 

indication of the variability of the forces of infection (which are equivalent to the reproduc

tive potentials) of the different strains of the same virus.

The average age at infection can be calculated by determining the weighted mean age of 

infection from the case notification data for each year. Two values are given here for the 

average age, due to the considerable difference that is observed due to the inclusion or ex

clusion of the 65+ year age group. Since it is suspected that this age group may be affected 

by a considerable bias from over reporting, it is considered that the real average age lies 

somewhere between the two. Table 3.1. shows the average ages of infection for the two sub- 

types over the years 1979 to 1989, and compares them to estimates made from other studies. 

By comparison with the average ages of infection from the serological study (Fig. 5.8), it 

can be seen that there is considerable agreement between the values.

Figure 3.8 shows the change in the average age at infection over the time period studied. 

From this it can be seen that there is not a great deal of variation between the ages, although 

these values may be a result of different strains being introduced into the population at each
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season. Unfortunately, the data available does not cover a long enough time period to per

form any detailed analysis on the changes in average age at infection through time, or to 

determine whether there are any long term patterns. The average age of infection is normally 

a useful indicator of transmission rates in that it is indirectly proportional to the forces of in

fection acting on individuals in the younger age groups; if the average age is high it indi

cates that the forces of infection were low in the young and vice versa (see Table 3.1).

Table 3.1;Estimates of the Average Ages of infection from case notification data. Esti
mates were made using the method described in the text, with estimates in brackets indi
cating that the 65+ age group is not included in the calculations.

Strain/Subtype Year Age Source
H2N2 1957 34.6 Hennessy et a l  (1964).
H2N2 1960 30.0 Hennessy e t a l  (1964).
H3N2 1966-1971 21.4 Monto and Kioumehr (1975).
A/HK/68 1968 28.7 Zachary and Johnson (1969).
H3N2 1974-76 18.2 Glezen and Couch (1978).
H3N2 1977-78 21.9 Glezen e t a l  (1982).
H1N1 1978-79 12.9 Glezen e ta l . (1982).

AyTex/1/77 1979/80 41.2 (16.5) PHLS weekly reports.
A/Bangkok/1/79 1980/81 32.9 (13.9) PHLS weekly reports.
A/Eng/333/80 1981/82 32.2 (13.8) PHLS weekly reports.
A/Bel/1/81 1982/83 34.3 (15.3) PHLS weekly reports.
A/Phil/82 1983/84 25.4 (17.5) PHLS weekly reports.
A/Phil/82 1984/85 28.2(13.7) PHLS weekly reports.
A/Chile/83 1985/86 36.8 (18.5) PHLS weekly reports.
H3N2 1986/87 32.3 (21.2) PHLS weekly reports.
H3N2 1987/88 29.9 (19.4) PHLS weekly reports.
H1N1 1988/89 36.6 (14.6) PHLS weekly reports.

A/Eng/333/80 1982/83 8.2 (23.4) Chakraverty (pers. comm.)
A/Bel/1/81 1982/83 11.6 (14.1) Chakraverty (pers. comm.)
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R ep o rted

C ases

A g e  G ro u p .

Figure 3.6; The average number of case notifications for all influenza strains with respect 
to age from 1979 to 1989. Data from the PHLS weekly reports. Note that the case re
ports do not exceed 250 per age class.

N u m b er o f

R ep o rted

C ases

0-5 6-15 16-20 21-50 51 +

S3 A/Eng/333/80 ^A/Bel/1/81 
A g e  G ro u p .

Figure 3.7; The age-specific number of case notifications for AIBell 1181 and At Engl333180 
respectively, for the 1982183 season. Data is from Chakraverty (pers. comm). Compare 
the maximum number of reports per age group with that of Fig. 3.6.
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A v erag e  

A ge. o f  
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A g e  G ro u p .

Figure 3.8; The average ages of infection with influenza A for the time period 1979-1989, 
estimated from the data shown in Fig 3.2. For details of method of estimation see text. 
The left bar represents the average age with the 65+ age group included, the right bar 
is the average age estimated excluding this age group

T h e  av e rag e  ages o f  in fec tio n  fo r  th e  s tra in s w h ich  w ere  co -ex istin g  du ring  the  seaso n  

1982/83 (A /E n g /3 3 3 /8 0  an d  A /B e l/1 /8 1 ) are  d is s im ila r  to  th a t o b serv ed  fo r in flu en za  A  re 

gard less  o f  s tra in  (som ew here  b e tw een  20  a n d  30  y ears  o ld); bo th  values are  m u ch  lo w er 

than  th o se  fo u n d  fo r in flu en za  A  reg a rd le ss  o f  s tra in , a lth o u g h  this m ay  be an  a rte fac t o f  the 

age g ro u p in g  (th e  d a ta  o b ta in ed  fo r th e  s tra in -sp ec ific  an a lysis  w as a lready  g ro u p ed  in to  d if

fe ren t ages to  th a t from  the C D S C ). I t can  be  seen  th a t the average age fo r in fec tio n  w ith  

A /B el/1 /81  is h ig h e r than  th a t fo r in fec tio n  w ith  A /E n g /3 3 3 /8 0  (betw een  8 to  23 years an d  

11 to  14 y ears  resp ec tiv e ly ). T h e  H 1 N 1  su b ty p e , w h ich  in c lu d es the strain  A /E n g /3 3 3 /8 0 , 

has been  c ircu la tin g  fo r a  lo n g e r tim e  th an  th e  H 3 N 2  sub type  (A /B el/1 /81) w h ich  m ay  ex 

p la in  the h ig h e r  average age a t firs t in fec tio n ; m o re  im m u n ity  has been  bu ilt up ag a in st th e  

H 1N 1 su b ty p e  in  the o ld e r age g ro u p s. V aria tio n  in  the  av erag e  ages o f  in fec tio n  can  im p ly  

one o f  a n u m b e r o f  th ings. F o r  ex am p le , th e  v irus co u ld  have  a d iffe ren tia l ra te  o f  in fec tio n  

fo r the o ld e r ag e  g roups, an d  p erh ap s in fe c t o ld e r in d iv id u a ls  a t a slow er ra te  than  y o u n g  in 

d iv id u als . It c o u ld  a lso  im p ly  that, in  th e  sam e w ay  th a t im m u n isa tio n  p rog ram m es ra ise  the  

av erag e  age  o f  in fec tion , c ro ss-im m u n ity  b e tw een  tw o  sim ilar strains acts to  ra ise  the  av e r
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age age o v e r  th a t w h ich  w o u ld  be o b se rv ed  i f  o n ly  a  s in g le  v iru s  s tra in  w as c ircu la ting . T h is 

la tte r  ex p lan a tio n  appears lik e ly  i f  c ross im m u n ity  has  a  s ig n ifican t effect.

I t w o u ld  be  u se fu l to  co m p are  th e  av erag e  ages o f  in fec tio n  o v e r the  tim e p erio d s  fo r  

w h ich  each  s tra in  appears to  d o m in a te  th e  o ther; n am ely , 1973-78  fo r the  H 3 N 2  sub type  an d  

1978-85 fo r  th e  H 1N 1 sub type  (an d  a lso  p resu m ab ly  p re -1 9 6 8 , b e fo re  the  H 3 N 2  sub ty p e  

began  to  c ircu la te ). I f  cross im m u n ity  is  im p o rtan t, th e  av erag e  ag e  shou ld  be h ig h e r fo r  th e  

p erio d  d u rin g  w h ich  the  H 1N 1 sub type  reap p e a red  (w h en  o th e r  s tra in s w ere  c ircu la ting ) th an  

du ring  the p e r io d  in  w h ich  it firs t ap p eared . U n fo rtu n a te ly  th e  d a ta  n eed ed  to  d e term in e  th is 

is no t ava ilab le .

3.3.2. Age-dependant patterns of Infection.

F rom  F ig . 3 .6  it can  be seen  th a t m o s t o f  the  o b se rv ed  cases  o ccu r in  the  15-44 y ea r ag e  

group  an d  th e  6 5 +  y ea r age g roup . I f  the  p o ssib ility  o f  o v e r re p o rtin g  in  the 6 5 +  age g ro u p  

is co n sid ered , th e n  it  seem s p ro b ab le  th a t the  h ig h e s t fo rces  o f  in fec tio n  are b e ing  o b se rv ed  

in  the 15-44 y e a r  age g roup . T h is  is a lso  in  ag reem en t w ith  th e  av erag e  ages o f  in fec tio n  o f  

betw een  20  a n d  30  years o ld  w h ich  w ere  reco rd ed  in  the  e a rlie r  sec tion  (T able 3 .1). F u rth e r  

s tra tifica tion  o f  th is age g roup  is d es irab le  to  d e te rm in e  w h ich  age c lasses w ith in  this g roup  

are resp o n sib le  fo r these  age effects . U n fo rtu n a te ly , the  d a ta  (su p p lied  by PH L S  w eek ly  re 

ports) does n o t a llow  fin e r an a ly ses. It w o u ld  be u se fu l to  d e te rm in e  w h e th e r the o b se rv ed  

h igh  num bers o f  in fec ted  in d iv id u a ls  in  th is age  g roup  are in  fa c t o f  schoo l age, w hich  w o u ld  

support the  f in d in g s  o f  G lezen  (1982) an d  F in e  an d  C la rk so n  (1982), w ho  surm ise  th a t th e  

o b serv ed  p a tte rn s  o f  in fec tio n  are d u e  to  in ten siv e  m ix in g  in  seco n d ary  schools.

It can  be seen  from  F ig . 3.7 th a t th e re  is co n s id e rab le  v a ria tio n  b etw een  strains in  te rm s 

o f  the ag e -sp ec ific  pa tte rn s  o f  in fec tio n . N o t on ly  do  the  tw o  stra in s d iffe r in  the p a tte rn  o f  

the age-sp ec ific  case  rep o rts , b u t a lso  in  the m ag n itu d e  o f  th e se  repo rts . I t is a lso  very  no 

ticeab le  th a t th e  tw o  stra in s show n sp ec ifica lly  fo r the  1982/83 seaso n  are by no m eans rep 

resen ta tiv e  o f  th e  av erag e  p a tte rn  fo r a ll years  (F ig . 3 .6). T h ere fo re , the resu lts  from  the  

1982/83 seaso n  m u st be co n sid ered  w ith  co n sid erab le  cau tio n . H o w ev er, it is ap p aren t th a t 

there is co n s id e rab le  d isp arity  b e tw een  the in fec tio n  pa tte rn s  o f  the  d iffe ren t strains o f  th e  

sam e v irus w ith  re sp ec t to  age.
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I t is im p o rtan t to  no te  th a t the  ep id em io lo g ica l in v estig a tio n  o f  case  rep o rts  does n o t p ro 

v ide a  sound  d a ta  base fo r e s tim a tin g  av e rag e  ages a t in fec tio n , o r  ag e -sp ec ific  p a tte rns o f  

in fec tion . T h e  very  id en tifica tio n  o f  the  s tra in  type  id en tified  in  these  rep o rts  re lies  o n  the  

sero logy  o f  the  sam ples, w h ich  are  in itia lly  in ten d ed  fo r o th e r p u rp o ses , an d  are  thus n o t as 

specific  as the sero log ica l tests p e rfo rm e d  in  the fo llo w in g  chap ters .
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Part II. Temporal Trends in the Incidence of Influenza A.

3.4. Predicted epidemic cycles for endemic influenza.

In  a  s tab le  po p u la tio n , any  d ire c tly  tran sm itted  v iru s  th a t induces life -lo n g  im m u n ity  an d  

w h ich  is a t an  endem ic eq u ilib riu m  w ill te n d  to  ex h ib it o scilla tions in  the  d en sitie s  o f  the  

su scep tib le  a n d  im m une p o p u la tio n s  th a t a re  u n re la ted  to  seasonal facto rs (A n d erso n  an d  

M ay  (1978a)). N on -seaso n a l o sc illa tio n s  w h ich  in  the  ep id em ic  b eh av io u r o f  in flu en za  w ill 

b e  d u e  to  th e  d ecay  an d  ren ew al o f  th e  su scep tib le  po p u la tio n . D ecay  is c au sed  b y  in fec tio n  

a n d  su b seq u en t reco v ery  to  the im m u n e  sta tu s, w h ile  ren ew al is due to  the  rec ru itm e n t o f  

n ew -b o rn  ind iv id u als. S im ple  d e te rm in is tic  m o d e ls , such  as the one p resen ted  in  C h ap te r 2, 

p red ic t d am p ed  o sc illa tions w ith  an  in te r-ep id e m ic  p erio d , T , ap p rox im ate ly  g iv en  b y  (A n

d erso n , G ren fe ll an d  M ay  (1984))

T  =  2 n (A K )1/2 (3 .2)

w here ,

A  =  the average age a t f irs t  in fec tio n

K  =  the average in te rv a l b e tw ee n  an  in d iv id u a l acqu iring  in fec tio n  an d  p ass in g  i t  

o n  to  a new  in fec tiv e  (ap p ro x im a te ly  th e  sum  o f  the la ten t p lus in fec tio u s p erio d s 

(A n d erso n  an d  M ay  (1 9 8 2 b )).

T ab le  3 .2 . In te r-ep id em ic  periods fo r  M easle s , M u m p s, P ertu ssis  and  in flu en za  in  the  ab 

sence o f  v acc in a tio n  strateg ies

In fec tio n D u ra tio n  (K ) A v e ra g e  A g e In ter-ep id em ic  P erio d  (yrs).

(D ays) (Y ears) P red ic ted O b se rv ed

M easles 12.0 4 -5 2 .2 5 -2 .5 0 2
*

M um ps 19.0 6-7 3 .50 -3 .80 3

P ertu ssis 25 .0 4 -5 3 .30 -3 .60 3

Influenza"1" 3 .0 -6 .0 5 .5 -7 2.4 1

*
D ata  fro m  A nderson  A nd  M a y  (1984).

+ E stim a ted  from  sero logy  (d e sc rib e d  in  C h ap te r 5).
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T ab le  3 .2  show s the  p red ic ted  a n d  o b se rv ed  in te r-ep id e m ic  p erio d s fo r m easles , p e rtu s

sis an d  m u m p s befo re  the  in tro d u c tio n  o f  m ass  im m u n isa tio n  (from  A nderson , G ren fe ll a n d  

M ay  (1 9 8 5 )) co m p ared  to  th a t fo r  in flu en za . T h e  d u ra tio n s  o f  in fec tio n  an d  the  es tim a ted  

average  ag es a t firs t in fec tio n  are sh o w n , fro m  w h ich  th e  in te r-ep id em ic  p e rio d  w as ca lcu 

la ted . It m u s t be  em p h asised  th a t th e  av erag e  age  a t in fec tio n , as ca lcu la ted  ea rlie r, d o es  n o t 

sp ec ifica lly  re fle c t the  tim e taken , a fte r  b irth , to  b eco m e in fec ted  w ith  the v irus, b u t is  in  fa c t 

the w e ig h ted  m ean  o f  the  age a t w h ich  in d iv id u a ls  b eco m e  in fec ted  du rin g  an  ep idem ic . 

H o w ev er, tak in g  th is in to  accoun t, an d  w ith  no  o th e r  m e th o d  fo r  de term in in g  the  av erag e  

age  a t in fec tio n , these values can  s till b e  u sed  to  m ak e  an  e s tim ate  o f  the p red ic ted  in te r- 

ep id em ic  p erio d . U sin g  these va lues, it c an  b e  seen  th a t an  in flu en za  strain  is lik e ly  to  show  

n o n -seaso n a l ep id em ics  ev ery  50 to  75  years  ( d ep en d in g  o n  w h ich  age a t in fec tio n  is u sed ). 

T h ese  v a lu es  a re  m uch  h ig h e r than  th o se  o b se rv e d  fo r  th e  c lass ica l ch ild h o o d  d iseases . O b 

v io u sly , th e  d a ta  u sed  here  does n o t sp an  a  la rg e  en o u g h  tim e  p e rio d  to  te s t th is h y p o th esis , 

h o w ev er, it is u sefu l to  no te  th a t th is p erio d  ag ree s  w ith  th a t p red ic ted  by  the  m a th em a tica l 

m o d e l p re se n te d  in  the  ea rlie r chap ter.

B y  a ttem p tin g  to  d e term in e  w h a t the  re a l in te r-ep id em ic  p e rio d  is, it sh o u ld  be p o ssib le  

to m ake so m e assu m p tio n s abou t th e  en d em ic ity , o r  o th e rw is e , o f  the in flu en za  v irus. I f  the  

v irus is a t en d em ic  eq u ilib riu m , n o n -seaso n a l p a tte rn s  sh o u ld  em erge. If, how ever, the  ep id e 

m ics are  b e in g  d riv en  by  seasonal fac to rs  (m ix in g  b eh av io u r d ic ta ted  by w ea th e r co n d itio n s  

fo r ex am p le) a n d  by  the ch an ce  a rriv a l o f  n ew  stra in s su ch  p a tte rns w ill be less ap p a re n t in  

o b se rv ed  trends.

3.5. Time Series Analysis.

In  th is in v estig a tio n  tim e series an a lysis  is u sed  to  study  tem p o ra l p a tte rns in  bo th  the  

n u m b er o f  rep o rte d  cases o f  in fec tio n , an d  in  the  v aria tio n  in  the  average age at in fec tio n  fo r  

the ep id em ics  to  de term in e  w h e th er any  lo n g -te rm  o sc illa tio n s w hich  m ig h t o cc u r  are  th o se  

p red ic ted  by  the  theory  o f  w ax ing  an d  w an in g  o f  im m u n ity  in  the  popu la tion . T h e  tim e  p e ri

o d  co v e red  in  bo th  cases is th a t w h ich  is  co n s id e re d  in  th e  sero log ical stud ies (i.e .1 9 7 3  to  

1989) s ince  n o  accurate  s tra in -sp ec ific  c a se -n o tif ica tio n  d a ta  ex ists fo r the  fo u r-y ea r p e rio d  

1969 to 1972.
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W ee k  N um ber.

Figure 3.9; The annual epidemics of influenza A from 1973 to 1989, shown by week num
ber, where week 1 is the first week in January. The seasonal trend of yearly epidemics 
is clearly observed. Data is from the weekly PHLS reports.

T he an n u a l p a tte rn  o f  ep id em ics  fo r th is tim e p e rio d  c a n  c lea rly  be seen in  F ig . 3 .9 . T h is  

figu re  does n o t b reak  do w n  the  d a ta  in to  the d iffe ren t s tra in s , o r  sub types, b u t sim ply  show s 

the trends in  in flu en za  A  as a  w h o le .

T w o  co m p lem en ta ry  te ch n iq u es  are  em p lo y ed  h ere  fo r  ex am in in g  the p erio d ic ities  in 

the o b serv ed  tim e series; au to co rre la tio n  an d  spec tra l an a ly sis . A  m ore de ta iled  d escrip tio n  

o f  the sta tis tica l m ethods em p lo y ed  can  be fo u n d  in  Jen k in s  an d  W atts  (1968) an d  C h a tfie ld  

(1975), an d  o n ly  the a  b r ie f  su m m ary  is  p re sen te d  in  the  fo llo w in g  subsection .

3.5.1. Autocorrelation.

T his tech n iq u e  is b ased  on  the  d e te rm in a tio n  o f  a  series o f  coeffic ien ts  w h ich  re fle c t the 

co rre la tion  b e tw een  d a ta  values (e .g . n u m b e r o f  cases  o r  av erag e  age at in fec tion ) at d iffe r

en t tim es d u rin g  the p erio d  u n d er s tu d y . In  p a rticu la r  it is  u se fu l to  m easu re  the co rre la tio n  

betw een  th e  o rig in a l d a ta  an d  the  sam e d a ta  series a fte r  i t  has b een  d isp laced  th ro u g h  tim e 

by a specific  am o u n t (the tim e lag  k ). T h e  v a lu e  o f  a p a r ticu la r  co rre la tio n  is rep resen ted  by 

the sym bol rk w h ich  deno tes the co rre la tio n  w ith  a tim e lag  o f  k  tim e units. A u to co rre la tio n s 

are u sually  in te rp re ted  using  a  co rre lo g ram , w hich  is s im p ly  a p lo t o f  the co rre la tion  be tw een
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Figure 3.10; a) Correlogram and b) spectra for the case notification data for the period
1973-89 (shown in figure 3.1) for influenza A, where nc is the lag coefficient for the lag 
k. The horizontal lines represent the 95% confidence limits. See text for details.
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Figure 3.11; a) Correlogram and b) spectra for the seasonally corrected case notification 
data for the period 1973-89, for influenza A, where rk is the lag coefficient for the lag 
k. The horizontal lines represent the 95% confidence limits. See text for details.
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the  o rig in a l d a ta  an d  the  lag g ed  d a ta  (ik), a g a in s t th e  lag  itse lf  (k). I t is th en  p o ssib le  to  d e te r

m in e  co n fid en ce  lim its by co n sid erin g  a  co rre lo g ram  b ased  on  ran d o m ly  d is tr ib u ted  d a ta  

an d  to  te s t fo r a  d ep artu re  from  ran d o m n ess  in  th e  te s t series (A nderson , G ren fe ll a n d  M ay

(1984)).

R eg u la r flu c tu a tio n s in  a  tim e series w ill te n d  to  g enera te  o sc illa tions a t the  sam e fre 

q u en cy  in  the  co rre log ram .

3 .5 .2 . S p e c t ra l  A n a ly s is .

In  co n tra s t to  the  co rre log ram , w h ich  is  a  u se fu l to o l fo r an a ly sin g  o b serv ed  p e rio d ic itie s  

in  tim e, sp ec tra l analysis  considers a ll p o ss ib le  o sc illa tio n s a t d iffe ren t freq u en c ies , m ak in g  

it p o ssib le  to  d e term in e  w h e th er an y  are re le v a n t to  the  series u n d er study. T h e  v a lues o f  th e  

sp ec tra  rep re sen t the  d iffe ren ce  b e tw een  th e  to ta l va rian ce  o f  the series an d  co m p o n en ts  o f

Y ea r

W ee k  n u m b er

Figure 3.12; The subtype-specific annual epidemics of influenza A, shown by week number, 
where week 1 is the first week in January; (a) A/Eng/333180 (H1N1), (b) AIBel/1/81 
(H3N2). The seasonality in epidemics is evident. Data is from Periera and Chakraverty 
(1982) and Chakraverty et al. (1986).
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Figure 3.13; a) Correlogram and b) spectra for the strain specific case notification data 
(shown in figure 3.12(a)) for the H1N1 subtype of the period 1979-85, where nc is the 
lag coefficient for the lag k. The horizontal lines represent the 95% confidence limits.

F req u en cy  (year"1)

Figure 3.14; a) Correlogram and b) spectra for the strain specific case notification data 
(shown in figure 3.12(b)) for the H3N2 subtype of the period 1979-1985, where is the
lag coefficient for the lag k. The horizontal lines represent the 95% confidence limits. 
See text for details.
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Figure 3.15; a) Correlogram and b) spectra for the strain specific seasonally adjusted case 
notification data (shown in figure 3.12(b)) for the H1N1 subtype of the period 1979- 
1985, where rk is the lag coefficient for the lag k. The horizontal lines represent the 95% 
confidence limits. See text for details.
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Figure 3.16; a) Correlogram and b) spectra for the strain specific seasonally adjusted case 
notification data (shown in figure 3.12(b)) for the H3N2 subtype of the period 1979- 
1985, where rk  is the lag coefficient for the lag k. The horizontal lines represent the 95% 
confidence limits. See text for details.
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a s inuso ida l oscilla tion . T h ere fo re  th e  m ax im u m  v alu e  the  sp ec tra  can  rep re sen t is  a  fre 

quen cy  o f  o n e  cy c le  fo r ev ery  tw o  o b se rv a tio n s  (w h ich  is d irec tly  m easu rab le). V ary in g  de

g rees o f  sp ec tra l sm oo th ing  are u sed , rep re se n te d  b y  the  n u m b e r o f  cy c les  p e r  y ear, w h ich  

g ive d iffe ren t values fo r the  95%  co n fid e n c e  lim its. S ince th e  d a ta  is lo g  tran sfo rm ed  to  re

d u ce  the asy m m etry  o f  the  ep id em ic  p eak s , a n d  the  resu lts  are p lo tted  u n lo g g ed , these  co n 

fidence  lim its  are m u ltip lica tive .

R eg u la r o sc illa tio n s in  a  tim e  se ries  w ill p ro d u ce  a  sp ec tru m  w ith  a sharp  p e a k  a t the  fre 

quen cy  o f  the  oscilla tion , w ith  sm a lle r  p ea k s  a t in teg e r m u ltip les  o f  th is freq u en cy .

3.6. Observed Periodicity of the Influenza A Virus.

A s w ith  th e  fo rce  o f  in fec tio n  es tim a te s , th e  d a ta  is trea ted  firs t as in flu en za  A  rep o rts  ir

resp ec tiv e  o f  strain , and  seco n d  w ith  su b ty p e  spec ific  co n sid era tio n s , a ssu m in g  the  strains 

to be in flu en ced  by cro ss-im m u n ity .

3.6.1. Influenza A Infection without Subtype or Strain Classification.

T he conrelogram  o f  in flu en za  A  case  n o tifica tio n s , a g rap h  o f  the seria l au to co rre la tio n  

coeffic ien ts  p lo tted  aga inst the  tim e lag  in  y ears , is show n  in  F ig . 3 .10(a). T h e  sm o o th n ess  

o f  the co rre lo g ram  ind icates a  co n s id e ra b le  reg u la rity  in  th e  seaso n a l 1 -year cyc les. I t can  

a lso  be seen  th a t the  seaso n al p a tte rn  o f  an n u a l ep id em ics  (d en o ted  by a  freq u en cy  o f  1.0 

p e r  year in  th e  spec tra  show n  in  F ig . 3 .1 0 (b )) is  su sta in ed  fo r d iffe ren t v a lu es  o f  the  lag  k .

If, h o w ev er, the seasonality  is  re m o v e d  b y  su b trac tin g  the  m ean  w eek ly  read in g , taken  

from  the w h o le  d a ta  se t o f  n o tifica tio n s , fro m  each  annual w eek ly  read in g , n o  p e rio d ic ity  is 

observed . T h is  is show n in  F ig . 3 .1 1(a), w h ere  it can  be seen  th a t n o  reg u la r p e rio d  is recu r

ren t above the  95%  co n fid en ce  lim its . T h is  is  co n firm ed  by  th e  sp ec tra l an a lysis  (F ig . 3.11 (b)) 

from  w hich  no  peaks can  be a sce rta in ed , fo r  any  freq u en cy  o f  oscilla tion .

T here  d o es  no t ap p ea r to  be a n y  o th e r  co m p o n en t cau s in g  o sc illa tio n s in the  ep idem ics 

o f  in fluenza  A  o th e r than  th is a n n u a l seaso n a l varia tion . N o n -seaso n a l p e rio d ic ity , how ever, 

is c learly  ex h ib ited  by  m easles , p e r tu ss is  a n d  m u m p s (T ab le  3 .2). T h is  in d ica te s  th a t the  in 

fluenza  v irus is in tro d u ced  in to  a  p o p u la tio n  o f  su scep tib les each  new  season , an d  does not, 

therefo re , b ehave  like o th e r en d em ic  v iru ses , w ith  the  2.5 y e a r  n o n -seaso n al ep id em ic  cycles 

w hich  are p red ic ted  by the  th eo ry  d e sc r ib e d  in  section  3 .5 . I t is p o ssib le  th a t w ith  a lo n g er-
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te rm  d a ta  se t so m e p a tte rns m ay  em erg e , b u t it  appears m o re  likely  th a t new  stra in s a rise  as 

e ssen tia lly  ran d o m  even ts due to  m u ta tio n s.

3.6.2. Subtypes H1N1 and H3N2.

T h e  o b v io u s  seaso n al aspects o f  th e  in c id en ce  o f  in flu en za  A  subtypes are sho w n  in  F ig . 

3 .12 (a) an d  (b). A s w ith  all n o tifica tio n s , reg a rd le ss  o f  sub type, the b eg in n in g  o f  each  

ep id em ic  co in c id es  ap p ro x im ate ly  w ith  th e  s ta rt o f  a  new  schoo l term  a fte r the C h ris tm as 

ho liday .

T h e  co rre lo g ram s an d  spec tra  f o r  th e  tw o  stra in s (H 1N 1 an d  H 3N 2) can  be seen  in  F ig . 

3 .13 . T h e  d a ta  u sed  spans the  years 1973 to  1985 (see  F ig . 3 .12). A  lack  o f  p e rio d ic ity , w h ich  

is n o t w ell su sta in ed  (d en o ted  by  the  la c k  in  sm o o th n ess  o f  the  curve) can  be seen  in  the  cor- 

re lo g ram  fo r th e  H 1N 1 sub type, w h e n  c o m p a re d  to  th a t o f  the  H 3N 2. T h e  p a tte rn  o b se rv ed  

fo r the H 3 N 2  is a lm ost iden tica l to  th a t seen  in  the  an a lysis  o f  the non-spec ific  in flu en za  A  

v irus, in  bo th  the co rre log ram  an d  th e  sp ec tra . H o w ev er, i f  seasonality  is rem o v ed , as fo r  all 

no tifica tio n s, d esc rib ed  above, then  a ll p e rio d ic ity  is absen t, show n by both  the co rre lo g ram s 

(Fig. 3 .14 ) a n d  the  spec tra l ana lyses (F ig . 3 .15).

3.7. Discussion.

T h e  an a ly sis  o f  case  n o tifica tio n  d a ta  is frau g h t w ith  m an y  p rob lem s in  the case  o f  in 

fluenza . C ase  n o tifica tio n  d a ta  b o th  c o n tra s t an d  co m p lem en t sero log ical s tud ies, in  so m e 

w ays su p p o rtin g  resu lts  o b ta in ed  th ro u g h  se ro lo g ica l analysis , bu t in  o thers s im p ly  rev ea l

in g  the in ad eq u ac ies  o f  this m e th o d  o f  s tu d y . T h e  m a in  p ro b lem  w ith  the case  n o tifica tio n s  

d ea lt w ith  here  is th a t in flu en za  is n o t a  n a tio n a lly  no tifiab le  d isease. T his causes the  re su l

tan t no tifica tio n s to  be variab le  n o t o n ly  in  th e  seaso n a l m ag n itu d e  o f  the ep id em ics, b u t also  

leads to  in te r-ag e-g ro u p  varia tion  in  rep o rtin g . T h e  tendency  w ill be fo r th o se  age  g ro u p s 

w h ich  are m o s t at r isk  o f  d ev e lo p in g  co m p lica tio n s  (the tw o ex trem es o f  age; o ld  an d  y o u n g , 

as d iscu ssed  in  d e ta il in ch ap te r 1) to  be b ro u g h t to  the a tten tion  o f  a G enera l P rac titio n er, 

and  thus rep o rte d  to  the P H L S , m o re  freq u en tly  than  the  age g roups w ith  a  le sse r risk . E v en  

those d a ta  w h ich  are availab le  fo r  an a ly sis  are  n o t as d e ta iled  as m igh t be desired . N o  s tra in - 

s tra tified  d a ta  is ava ilab le  fo r the  y ea rs  b e fo re  1978, n o r has the d a ta  fo r the  years 1985 o n 

w ards been  p u b lish ed  in  strain  sp ec ific  fo rm  yet. I t is a lso  very  d ifficu lt to  accu ra te ly  type



-94-

spec ific  s tra in s, s ince  th e  genetic  d rift o b se rv ed  can  b e  v ery  s ligh t y e t s till cause  a  n ew  

ep id em ic  d u e  to  the  n ew  strain  type . H o w ev er, i t  is a s su m ed  th a t the  stra in  typ ing , p e rfo rm e d  

a t the C D S C  (b y  haem ag g lu tin a tio n  in h ib itio n  o r  s in g le  rad ia l haem olysis), g ives accu ra te  

in fo rm atio n  o n  the  ex ac t strains o f  in flu en za  w h ich  are  c ircu la tin g  d u rin g  each  ep id em ic  sea

son (C h ak rav e rty  e t al. (1982  an d  1986), P e re ira  a n d  C h ak rav e rty  (1977 an d  1982)).

D u e  to  the  ep id em ic  n a tu re  o f  in flu en za , th e  ca se  n o tifica tio n s are  no t rep resen ta tiv e  o f  

the co n tin u o u s  acq u isitio n  o f  im m u n ity  to  th e  v iru s  th ro u g h  tim e, and  therefo re  do  n o t rep 

re sen t the  g rad u al b u ild  up  o f  im m u n ity  w ith  age  th a t the  no tifica tio n s o f  en d em ic  v iru ses  

do. A s a  co n seq u en ce , i t  is n o t p o ssib le  to  b u ild  an  ’ag e  p rev a len ce  p ro file ’ fo r the  v ario u s 

stra ins, w h ich  w o u ld  be usefu l as a  co m p ariso n  to  th e  se ro lo g ica l w o rk  p resen ted  in  c h ap te r  

5, an d  w h ich  w o u ld  a lso  fac ilita te  th e  es tim atio n  o f  ag e -d ep en d en t fo rces o f  in fec tio n  (G ren 

fell and  A n d erso n  (1985)). It is n o t p o ssib le , th e re fo re , to  d e riv e  any  estim ates o f  th e  b asic  

rep ro d u c tiv e  ra te s  fo r th ese  strains, s ince  n o  fo rces  o f  in fec tio n  can  be estim ated , n o r  d o  the  

average  ages o f  in fec tio n  rep resen t the  co n tin u o u s  ex p o su re  o f  a  co h o rt o f  in d iv id u a ls  to  an  

en d em ic  v irus strain  (as p rev io u sly  d escrib ed ). I t is  th u s o n ly  p o ssib le  to  m ak e  q u a lita tiv e  

ju d g em en ts  o n  the age-sp ec ific  n a tu re  o n  th e  tran sm issio n  o f  these  v irus strains fro m  th e  

case  n o tifica tio n  d a ta  p resen ted  here . H av in g  m ad e  the  ab o v e  po in ts, how ever, it is s till 

p o ssib le  to  m ak e  ce rta in  ded u ctio n s from  case  n o tif ica tio n  data .

T h e  av erag e  ages o f  in fec tio n  fo r th e  s tra in s w h ich  w ere  co -ex istin g  du rin g  the  seaso n  

1982/83 (A /E n g /3 3 3 /8 0  an d  A /B el/1 /8 1 ) are  d is s im ila r  to  th o se  ob serv ed  fo r in flu en za  A  re 

gard less o f  s tra in  (so m ew h ere  b e tw een  20  a n d  3 0  years  o ld ). B o th  values are  m u ch  lo w er 

than  th o se  fo u n d  fo r in flu en za  A  reg ard less  o f  s tra in , a lth o u g h  this m ay  be an  arte fac t o f  the 

age g roup ing . T he H 1N 1 sub type, w hich  in c lu d es  the stra in  A /E ng /3 3 3 /8 0 , has been  c irc u 

la ting  fo r a lo n g e r tim e than  the H 3 N 2  su b ty p e  (A /B el/1 /8 1 ) w h ich  m ay  ex p la in  the h ig h e r 

av erag e  age a t firs t in fec tion ; m ore  im m u n ity  has b een  bu ilt up  aga inst the H 1N 1 sub ty p e  

in the o ld e r ag e  groups.

M o st o f  the  o b serv ed  cases o ccu r in  th e  15-44  y e a r  age  g roup , w hich  is in ag ree m en t 

w ith the av erag e  ages o f  in fec tio n  o f  b e tw een  2 0  an d  30  years o ld  w hich  have been  reco rd ed  

in this s tu d y  an d  by  o th ers  (T ab le 3 .1). F u rth e r  s tra tifica tio n  o f  this age g roup  is d es irab le  to 

d e term in e  w h ich  e lem en ts  in this g roup  are re sp o n s ib le  fo r these  age effects. U n fo rtu n a te ly  

the d a ta  does no t a llow  th is analysis  w h ich  w o u ld  be usefu l to d e term in e  w h e th e r th e  o b 
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se rv ed  h igh  num bers o f  in fec ted  in d iv id u a ls  in  th is  ag e  g roup  a re  in fac t o f  schoo l age. T his 

w o u ld  support the  fin d in g s o f  G lezen  (1982) an d  F in e  an d  C la rk so n  (1982), w ho  surm ise 

th a t the  o b se rv ed  p a tte rn s  o f  in fec tio n  are  d u e  to  in ten s iv e  m ix in g  in  secondary  schools. 

H ow ever, it is c lea rly  sh o w n  by  the  d a ta  (F ig. 3 .7 ) th a t th e re  is co n s id erab le  d isp arity  o f  the 

age-spec ific  p a tte rn s  o f  in fec tio n  b e tw een  d iffe ren t s tra in s o f  the  sam e v irus. T his m ay  be 

due as m uch  to  the  seasonal v a ria tio n  in  m ix in g  p a tte rn s  b e tw een  in d iv id u a ls , o r  sim ply  as 

a resu lt o f  the c lim atic  v a ria tio n  b e tw een  ep id em ic  seaso n s, as it m ig h t be du e  to  he tero g e

neity  in  the s tra in -sp ec ific  in fec tio u sn ess  o f  the  v irus.

It appears fro m  the  c ro ss -co rre la tio n  o f  the  case  n o tifica tio n  d a ta  that, tak ing  in to  ac

co u n t the e ffec t o f  seaso n ality , i f  H 3 N 2  occu rs  in  th e  p o p u la tio n  befo re  H 1N 1, it is very  like

ly  to  be fo llo w ed  by  an ep id em ic  o f  H 1N 1 in  the  sam e year. H o w ev er, no  o th e r obv ious 

patterns are c lea r from  the  c ro ss -co rre la tio n  ana lysis . T h e  m o s t s trik in g  fea tu re  to  arise  from  

the statistical ana lyses o f  th e  case  n o tifica tio n s  w as th e  lack  o f  any  n o n -seaso n a l, long -term  

cycles in the osc illa tio n s o f  th e  in fec ted  (an d  hen ce  su scep tib le  o r  im m u n e) popu la tions. T his 

con trasts  s trong ly  w ith  the  c lea r-cu t cy c les  fo u n d  fo r, m o s t no tab ly , m easles  in E n g lan d  and  

W ales, w hich  has b een  fo u n d  to  h av e  a  reg u la r 2 -y e a r  cy c le  (A n d erso n , G ren fe ll an d  M ay

(1985)). T h ese  lo n g -te rm  cy c les  are  a  re fle c tio n  o f  p o p u la tio n  d en sity  an d  b irth  rate , cau sed  

by the  perio d ic  flu c tu a tio n  o f  the su scep tib le  p o p u la tio n  d u e  to  the  acq u isitio n  o f  in fec tion , 

an d  hence im m u n ity , an d  the  rep le n ish m en t o f  su scep tib le  in d iv id u als  by new  births. T h ere 

fore, in the case  o f  in flu en za , w h ich  p resen ts  an  an tig en ica lly  ’n e w ’ v ira l s train  ev ery  

ep idem ic season  it can  rea so n ab ly  b e  assu m ed  th a t the  p ro p o rtio n  o f  th e  p o p u la tio n  suscep 

tib le  to each  n ew  stra in  is n o t fa r  o f f  100%  in  the  ab sen ce  o f  c ro ss-im m u n ity . I f  th is w ere  

the case it w ou ld , th e re fo re , have  the  e ffec t o f  k eep in g  the  p ro p o rtio n  o f  suscep tib le  ind iv id 

uals (and  hen ce  in fec ted  o r  im m u n e) at an  ap p ro x im ate ly  co n s tan t lev e l fo r every  ep id em ic  

season. As such , no  reg u la r cy c les  w o u ld  be m a in ta in ed  fo r any  p o p u la tio n  w h ich  w as ex 

p o sed  to the ev e r-ch an g in g  in flu en za  v irus. T h is  w o u ld  a lso  be in d ica ted  by  the lack  o f  an y  

period ic ity  in the av erag e  age  a t f irs t  in fec tio n  ( itse lf  d e riv ed  from  estim ates o f  the age-de

p en d an t fo rces  o f  in fec tio n  d iscu ssed  ea rlie r). It is u se fu l to  co n sid e r here  the  resu lts  from  

the num erical analysis  o f  the  m a th em a tica l m o d e l, p re sen te d  in  the p rev io u s chap ter, w h ich  

genera ted  iso la ted  and, to  a d eg ree , u n p red ic tab le  ep id em ic  recu rren ces  o f  d iffe rin g  strains.
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T h e  seaso n ality  o f  the  in f lu en za  v iru s  is  very  obv io u s (F ig  3 .9 .) a n d  can  read ily  b e  as

so c ia ted  w ith  th e  tim ing  o f  sch o o l h o lid ay  p erio d s as has been  co n sid ered  fo r m easles  (F ine 

an d  C la rk so n  (1982) an d  in flu en za  (G lezen  (1982)). It m ay, the re fo re , be  the  case  th a t the  

ag g reg a tio n  an d  d isassem b ly  o f  sch o o lch ild ren  is the  underly ing  fac to r w h ich  p rec ip ita tes  

the  co n tac t o f  in fec ted  w ith  su scep tib le  in d iv id u a ls  an d  thus leads to  the  o b se rv ed  in c id en ce  

o f  new  strains o f  in flu en za  in  a  p o p u la tio n . H o w ev er, i f  th is w as the case , the  av erag e  age 

o f  in fec tio n  co u ld  be ex p ec ted  to  b e  lo w er th an  w as fo u n d  (betw een  2 0  an d  30). T h is  ind i

cates th a t e ith e r the school sy stem  is n o t as resp o n sib le  fo r the o u tb reak s as is su spec ted , o r 

the estim atio n  o f  the average age  m a d e  h e re  is too  h ig h  (p robab ly  du e  to  o v er-rep resen ta tiv e  

rep o rtin g  o f  cases in  the  e ld erly ). T h e  la tte r  is h ig h ly  p ro b ab le  b ecau se  o f  th e  e rro rs  inher

en t in  the  rep o rtin g  system  as d is c u s se d  earlie r.

T h e  b i-m o d a l ep idem ic cu rv es  w h ic h  w ere  p red ic ted  from  the n u m erica l ana lysis  o f  the  

m ath em atica l m odel ex p lo red  in  c h a p te r  2  are  re fle c ted  in  the  case  n o tifica tio n  rep o rts . T h is  

suggests th a t th ese  ep id em ic  cu rv es  a re  cau sed  by  the co -ex isten ce  o f  tw o  o r m o re  stra in s o f  

the sam e v irus. In add ition  to  g iv in g  c red en ce  to  the m odel, the d a ta  p re sen te d  in  th is ch ap 

te r ind icates th a t the fo rces o f  in fe c tio n  v ary  be tw een  strains o f  the in flu en za  v irus, an d  be

tw een  age  g roups o f  the h u m an  h o st. H o w ev er, in  o rd e r to fu rth e r d e fin e  these  p a tte rn s , it  is 

e ssen tia l to  investigate  d e ta iled  se ro lo g ica l data . T h is  is done in  the fo llo w in g  ch ap ters  in 

o rd e r to  d e te rm in e  values fo r th e  ag e  spec ific  fo rces o f  in fec tion  fo r v a rio u s stra in s fo r w h ich  

d a ta  w as co llected .
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Chapter Four: Serological Methods and Materials.

4.1. Introduction.

In fec tio n  w ith  a  v irus, an d  h en ce  e x p o su re  to  the  ex p ressed  an tigen , g enera tes the  h u 

m ora l im m u n e  resp o n se  d escrib ed  in  c h a p te r  1. T h is  m ay  be m easu red  usin g  a  v arie ty  o f  

co n v en tio n a l im m u n o lo g ica l tests th a t d e te rm in e  lev e ls  o f  an tibody  activ ity . T h ese  re ly  on  

the b ind ing  p ro p e rtie s  o f  the an tig en -an tib o d y  co m p lex , an d  the ab ility  to  d e tec t th e  an ti

body  o n ce  it h as  b o u n d  to  the an tig en  u n d e r  lab o ra to ry  cond itions. It is then  a  stra ig h tfo r

w ard  m a tte r  to  q uan tify  the am o u n t o f  an tib o d y , ra ised  ag a in st a  spec ific  an tigen  d u e  to 

natu ra l ex p o su re , p resen t in  a  serum  sam ple . T h e  lev e l o f  an tib o d y  genera ted  by  an in d iv id 

ual g ives a  gen era lly  re liab le  m e asu re  o f  th a t in d iv id u a l’s ex p o su re  to the specific  v irus 

ag a in st w h ich  the  an tibod ies are d irec ted . H o w ev er, b ecau se  o f  the  p o ten tia l e lem en t o f  c ro ss 

reac tiv ity  b e tw een  the  an tibod ies u n d e r  te st, a  p o s itiv e  re su lt fo r an tibody  p resence  does n o t 

abso lu te ly  in d ica te  p rev ious ex p o su re  to  in fec tio n . In  theo ry , those an tibod ies w h ich  are 

c ro ss-reac tiv e  sh o u ld  co n fe r som e p ro tec tio n  (o f un k n o w n  d eg ree) ag a in st in fec tio n  w ith  a  

second , s im ila r  strain . T here fo re , so m e  in d iv id u a ls  th a t show  a  p o sitive  resu lt w ill n o t h av e  

been  in fec ted  w ith  the  strain  fo r w h ich  the  te s t is specific ; those an tibod ies w h ich  are  d e 

tec ted  w ill h av e  g iven  p ro tec tio n  ag a in s t in fec tio n  w ith  th is strain  as a  resu lt o f  p rev io u s  in 

fection  w ith  an  an tigen ica lly  s im ila r  s tra in . I t is n ecessa ry , therefo re , to  d e te rm in e  w h a t 

p e rcen tag e  o f  p o s itiv e  resu lts are  d u e  to  c ro ss -re ac tiv ity  in  the  test, an d  w hat p e rcen tag e  are 

due to c ro ss-im m u n ity  b e tw een  s im ila r  stra in s. T o w ard s  this aim  certa in  s ta tis tica l tests h av e  

been  p e rfo rm e d  (in  ch ap te r 5) to  d e te rm in e  w h e th e r  the  p resen ce  o f  an tibody  d irec ted  ag a in st 

tw o  stra in s o f  v iru s  in  the sam e in d iv id u a ls  is  du e  to  c ro ss-reac tiv ity , c ro ss-im m u n ity  o r  co n 

secu tive  in fec tio n  w ith  the  tw o  s tra in s. H o w e v er, the re  rem a in s the un an sw ered  q u es tio n  o f  

w h e th er o r  n o t cro ss-reac tiv e  an tib o d ies  are  a lso  p ro tec tiv e .

A lth o u g h  th e re  are a nu m b er o f  d iffe re n t se ro lo g ica l assays w hich  have been  u sed  in  the  

p ast to m easu re  the level o f  an tib o d y  ra is e d  ag a in st the  in flu en za  v irus in  sera  (E vans an d  

O lson  (1982), S ato  e t al. (1988) an d  Ju lk u n e n  e t al. (1985)), it is now  w idely  reco g n ised  th a t 

the E n zy m e-L in k ed  Im m u n o so rb en t A ssay  (E L IS A ) is the  m ost specific  and  co n v en ien t to
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Figure 4.1; Numbers of serum samples in each age class used in the study. Classes are 1 
per year of age, 0-90. The years the sera were collected in are; a) 1969 (n=705), b) 
1973 (n-147), c) 1979 (n=387), d) 1981 (n=371), e) 1985 (n=451),f) 1987 (n=462), 
g) 1988 (n-464), h) 1989 (n=481).
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T a b le  4 .1 . S u m m ary  o f  sera  sets sc reen ed  fo r  th e  th ree  stra ins o f  in flu en za  A ; A /H K /68 , 

A /B e l/1 /8 1 an d  A /E ng /333 /80 .

Y ear._____________ N u m b er o f  se ra  in  eac h  age group .

0 -4 5-9 10-14 15-24 2 5 -3 4 35-44 4 5 + T o ta l

1969 212 104 41 129 48 57 114 705

1973 74 43 28 2 0 0 0 147

1979 25 21 23 49 45 48 176 387

1981 10 23 22 5 0 49 48 169 371

1985 25 26 26 51 55 51 217 451

1987 27 27 26 6 0 51 52 219 462

1988 23 26 28 6 0 54 51 2 2 2 46 4

1989 27 19 26 6 2 63 54 23 0 481

use fo r rap id  d iag n o stic  p u rposes (Jen n in g s e t al. (1981), Ju lk u n en  e t al. (1984), K osk inen  

e t al. (1987) an d  V an-V oris  e t al. (1 9 8 5 )). H o w ev er, th is tech n iq u e  has no t befo re  been  em 

p lo y ed  in  the sc reen in g  o f  la rg e  d a ta  se ts  fo r  m u ltip le  v ira l an tigens.

T his ch ap te r describes the  p rep a ra tio n  o f  the  an tigen; the  m e th o d  by  w h ich  the v iruses 

used  w ere g row n  an d  how  the  an tig en ic  d e te rm in an t, the su rface  p ro te in  h aem agg lu tin in , 

w as rem oved  an d  pu rified . T h e  assay s  u sed  to  d e tec t an tib o d y  ra ised  ag a in st the an tigens arc  

then described , w ith  the  various m o d ifica tio n s  n eed ed  to  g ive  g rea te r  specific ity ; the haem ag- 

g lu tination  (H A ) te st w as u sed  to q u an tify  th e  an tigen  co n cen tra tio n , an d  an  in d irec t E L IS A  

w as used  to  d e tec t spec ific  an tib o d ies  in  th e  sera  ra ised  ag a in st the  an tigens.

4.2. Sera and Antigens Utilised.

4.2 .1 . C o lle c tio n , s to ra g e  a n d  t r e a tm e n t  o f  s e r a  a n d  a n tig e n s .

S era w ere co llec ted  from  the  S o u th  Y o rk sh ire  a rea  to  ach iev e  a reg io n a l p ic tu re  o f  the 

change  in an tibod ies ra ised  ag a in st th e  in flu en za  v irus th ro u g h  tim e an d  across age. T h e  sam 

ples w ere in itia lly  co llec ted  by the N o rth e rn  G en era l H o sp ita l in  S h effie ld  from  various re fe r
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ra ls , in c lu d in g  o u t-pa tien ts, an te -n a ta l fem a le s , an d  se ra  sen t in  from  gen era l p rac titio n ers  

fo r d iag n o stic  tests.

T h e  ch arac te ristic s  o f  the  se ru m  sam p les , w ith  the  an tigens ag a in st w h ich  th ey  w ere  

tested , are  su m m arised  in  T ab le  4 .1 . T h ro u g h o u t it  w as a ttem p ted  to  te s t se ra  fro m  a g o o d  

c ro ss -sec tio n  o f  age c lasses. F ig u res  4 .1 (a ) th ro u g h  (g) show  the age d is trib u tio n s fo r  all th e  

se ra  sets u sed . It can  be seen th a t o n ly  th e  se ra  co llec ted  from  1969 (F ig. 4 .1 (a )) an d  1973 

(F ig. 4 .1 (b )) h av e  a  large p ro p o rtio n  o f  th e  in d iv id u a ls  sam pled  u n d er 5 years  o f  age. T h e  

years  1979 to  1989 have an  ev en  d is tr ib u tio n  o f  in d iv id u a ls  in  all age c lasses , w h ich  w o u ld  

ap p ea r to  be ideal, but, s ince m o s t o f  th e  an a ly ses  p erfo rm ed  in  ch ap te r 5 in v o lv es  the  

m easu rem en t o f  param eters  w h ich  p re d o m in an tly  ac t on  the y o u n g er age g ro u p s, a  d is trib u 

tion  w ith  a  la rg e r n u m b er o f  in d iv id u a ls  in  th e  in fan t age  c lasses is d esirab le . D u rin g  ana

ly sis  o f  the da ta , to  o v erco m e th e  p ro b le m s  a sso c ia ted  w ith  m issing  sera  fo r  som e ages, th e  

d a ta  w ere  ag g reg a ted  in to  co n s is te n t g ro u p s , each  age group  co n ta in in g  a t le ast 10 in d iv id 

uals.

T h e  sera  se t fo r 1973 is in co m p le te , d u e  to  the  p o o r  trea tm en t and  s to rag e  o f  th e  sera  be

fo re  testing . I t shou ld  a lso  be n o te d  th a t in  eac h  sera  se t som e ages are d ras tica lly  u n d er-rep 

resen ted .

A ll se ra  w ere  sto red  a t -2 7 °C  a n d  h a d  b een  hea t-in ac tiv a ted  at 56°C  fo r 30 m in u tes  to  

rem o v e  n o n -sp ec ific  haem o ly sin s  p r io r  to  an y  sero lo g ica l testing.

F o r u se  in  E L IS A  tests sera  w ere  s to red  in  a  p re -d ilu ted  form  using  a so lu tio n  o f  50%  

g lycero l an d  50%  phosphate  b u ffe red  sa lin e  (P B S ) as the  solute (see ap p en d ix  A  fo r all b u ff

e r  rec ip es). E ach  serum  sam ple  w as d ilu ted  to  1 in  20  (i.e. lOul o f  serum  in  190ul o f  g lyce- 

ro l/P B S ) in  e ith e r a m icro titre  p la te  o r  a  b u lle t tu b e  in  a m icro tube rack , co v e red  an d  s to red  

a t -27°C . T h is  g ives a large ’s to c k ’ so lu tio n  o f  sera  fo r use  in  the sero log ica l an a lysis  a ch iev ed  

u sing  a sm all am o u n t o f  pu re  se ra  (lO u l). B ecau se  g lycero l is an in e rt m ed iu m , w h ich  re 

m ains liq u id  a t below  -27°C , all fre eze -th aw  effec ts  (w hich  can be h arm fu l to p ro te in s  in  th e  

sera) are  avo ided . T he  add itio n  o f  g ly c e ro l is a m e th o d  frequen tly  u sed  in  m a in ta in in g  ac 

tiv ity  d u rin g  sto rage  o f  h igh ly  p u rif ie d  co n ju g a tes  an d  m onoc lonal an tib o d ies  (K em en y  an d  

C h an tle r (1988)) and  its e ffec t o n  a n tib o d y  p o ten cy  has been  assessed  by C o x  (1990).
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T h e  v iru ses  u sed  w ere  A /H o n g -K o n g /6 8 , A /E n g /3 3 3 /8 0  an d  A /B el/1 /81 , w h ich  w ere  

su p p lied  by  J .S k eh e l o f  the  N atio n a l In s titu te  fo r  M ed ica l R esearch  (N IM R ). T h e  H o n g - 

K ong /68  w as su p p lied  as p u rified  h aem ag g lu tin in  a n d  th e  A /E n g /3 3 3 /8 0  an d  A /B el/1 /81  

w ere  su p p lied  as freeze -d ried  w h o le  v iru s  en ab lin g  th em  to  be g row n in  ch ick en  eg g s  (see 

below ). A ll v iru ses  w ere  sto red  a t -2 7 °C .

4.2.2. Characteristics and limitations of the serum samples.

A  cen tra l co m p o n en t o f  m any  se ro ep id em io lo g ica l inv estig a tio n s o f  in fec tio u s d isease  

tran sm issio n  is  the  co n stru c tio n  o f  d a ta  rep re sen tin g  changes in  the p o p u la tio n  w ith  an ti

bod ies d irec ted  ag a in st the v irus across a  ran g e  o f  age  c lasses  (a  ho rizo n ta l c ro ss-sec tio n ). 

Id ea lly  th is sh o u ld  be b ased  on  a co llec tio n  o f  serum  sam ples  o b ta in ed  by  ran d o m  se lec tio n  

from  a  d e fin e d  p o p u la tio n  a t one p o in t in  tim e. S p ec im en s sh o u ld  be taken  from  in d iv id u a ls  

o v e r a w id e  ran g e  o f  age c lasses (fin e ly  s tra tified , w ith  eq u al num bers in  each  age g ro u p ) 

fo r w hom  in fo rm atio n  o n  sex, so c io -eco n o m ic  c lass  an d  o rig in  is availab le.

In  rea lity , p rac tica l con sid era tio n s su ch  as the  av a ilab ility  o f  sam ples are lik e ly  to  be o f  

eq u a l im p o rtan ce  in  de term in in g  the  ex ac t n a tu re  o f  serum  co llec tions used  in ep id em io lo g i

ca l study. T h is  is certa in ly  true  fo r the sets o f  sam p les  u sed  in  this p ro jec t, the de ta ils  o f  

w h ich  are  g iv en  in  T ab le  4 .1 . S elec tio n  o f  sp ec im en s  w as m ade, as fa r  as p o ssib le , acco rd 

ing  to the gu id e lin es  o u tlin ed  above. T h e  seru m  u tilised  h ad  a lready  been  co llec ted  fo r o th e r 

se ro ep id em io lo g ica l s tud ies (N okes e t al. (1 9 8 6 ) an d  C o x  (1990)), an d  the  co m p o sitio n  o f  

the sam ple  w as th e re fo re  p red eterm in ed . H o w e v e r, th ese  c rite ria  had  been  fo llo w ed  as fa r  

as possib le  w h en  the co llec tio n  w as m ad e  ( it sh o u ld  be n o ted  here  th a t som e 3000  se ra  w ere  

ava ilab le , an d  th e re fo re  p rac tica l re so u rces , such  as tim e an d  m oney , d ic ta ted  th a t th is ex is t

ing  sera  be used).

T h e  so u rce  used  w as a  ho sp ita l v iro lo g y  d ep a rtm en t in  the South  Y orksh ire  a rea  (co v er

ing  S heffie ld , B arnsley , R o therham  and  D o n cas te r). S p ec im en s had  a lready  b een  co llec ted , 

an d  sto red  fo r v ary in g  leng ths o f  tim e, fo r p rev io u s  sero lo g ica l tests.
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It is v e ry  im p o rtan t to  m en tio n  th e  lim ita tio n s o f  th e  co llec tio n s  as sources o f  ep id em i

o log ical data :

(a) it  c a n n o t be stated , w ith  an y  d e g ree  o f  ce rta in ty , th a t th e  surveys d e ta iled  in  T ab le
4.1 rep re sen t ran d o m  sam ples fro m  the s tudy  p o p u la tio n ;

(b) th ey  d o  n o t necessarily  re p re se n t an  u n b ia sed  c ro ss -sec tio n  o f  all socia l o r eco n o m ic  
c lasses , an d  p ro b ab ly  in c lu d e  sam p les  (o f u n k n o w n  n u m b ers) from  peop le  w h o se  
o rig in  o r  b irth p lace  is o u ts id e  the  U K ;

(c) the s tu d y  areas in c lu d e  ru ra l a n d  u rb an  parts;

(d) no t all ag e  c lasses  o r  sexes a re  eq u a lly  rep resen ted . D ifficu lty  w as ex p erien ced  in  
o b ta in in g  sp ecim ens fro m  ch ild ren , p a rticu la rly  th o se  less than  10 years o ld , an d  in  
g en era l sam p les  from  fem a le s  w ere  m o re  eas ily  acq u ired  (e.g . an tenata l patien ts).

T hese  p o in ts  ra ise  do u b ts  ab o u t h o w  rep resen ta tiv e  re su lts  fro m  the  analyses are  fo r  th e  

study  area. S p ec im en s have n o t b een  seg reg a ted  acco rd in g  to  an y  factors m en tio n ed  above. 

T his is due to  b o th  the in co m p le ten ess  o f  the  reco rd s  a n d  the fac t th a t it  w o u ld  induce  a  sig

n ifican t red u c tio n  in  sam ple  size  w ith in  a  fin e ly  s tra tified  p o p u la tio n .

T here  can  be  no  d o u b t th a t fac to rs  su ch  as c ity  o r  co u n try  life , an d  perhaps socia l c lass  

and  e thn ic ity  w ill a ffec t the tran sm iss io n  dy n am ics o f  an  in fec tio u s  d isease  agen t (e.g . th e  

rate o f  acq u isitio n  o f  in fec tio n ) (A n d erso n ,R .M . (19 8 2 )). N ev erth e less , there  w as ad eq u a te  

ju s tifica tio n  in  u sin g  these  sam ples, b ecau se  o f  the re la tiv e  ease  w ith  w hich  they  co u ld  b e  

ob ta ined , as a f irs t  a ttem p t to  ach iev e  th e  aim s o f  the  study . T h e  co llections o f  the sam ples 

show n in  T ab le  4.1 do  ap p ro x im ate  to th e  req u irem en ts  o f  c ro ss-sec tio n a l ho rizo n ta l sur

veys; sam ples w ere  co llec ted  o v e r  sh o rt in te rv a ls  o f  tim e , fo r a w ide ran g e  o f  ages, an d  in  

m ost cases in fo rm a tio n  on  sex  w as av a ilab le . T h e  se ro lo g ica l su rveys perfo rm ed  serve as 

the basis o f  a  ’p ilo t s tu d y ’ an d  ach iev e  th e  b ro ad  aim s o f  the  p ro jec t w hich  shou ld  s tim u la te  

the in te rest in , an d  reco g n itio n  o f  th e  im p o rtan ce  o f, fu r th e r  sero lo g ica l surveys in  the  ep i

dem io lo g ica l re sea rch  o f  in fluenza .

4.3. Growth and Purification of Virus Strains

T he stra in s o f  v irus w h ich  w ere  u se d  as an tig en  in  th is  s tu d y  w ere  chosen  as b e in g  rep 

resen ta tiv e  o f  an y  ep id em ic  seaso n  d u rin g  w h ich  tw o  s tra in s, each  o f  a d iffe ren t su b ty p e , 

w ere c ircu la tin g . In th is case  the  tw o  stra in s co -c ircu la tin g  w ere  A /E n g /333 /80  (H 1N 1) a n d  

A /B el/1 /81 (H 3N 2). T h ese  w ere  b o th  p re sen t du rin g  the ep id em ic  season  o f  1982/83 (C hak- 

raverty  e t al. (1986)). T h e  sera  w ere  a lso  sc reen ed  ag a in st A /H o n g  K ong/68  (H 3N 2) (w h ich
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w as first d e tec ted  in  1968 (P ere ira  a n d  C h ak rav e rty  (1977)), to  ex am in e  any  p o ssib le  in te r

ac tions b e tw een  the v iru s  stra in s f ro m  eac h  season .

4.3.1. Growth of Viruses.

T h e  m e th o d  u sed  fo r the  cu ltu re  o f  in flu en za  v iruses w as th a t o f  G ris t e t al. (1979) w h o  

s ta te  th a t the ’D ev e lo p m en t o f  ro u tin e  ce ll cu ltu re  m e thods has red u ced  th e  im p o rtan ce  o f  

eggs b u t they  are  still v a lu ab le  fo r  t h e ... iso la tio n  o f  in flu en za  v irus. E g g  in o cu la tio n  is m ore  

sensitive  than  R M K  [R hesus m o n k e y  k idney] ce ll cu ltu re  fo r m o st [in fluenza] type  A  

s tra in s .’

A p p ro x im ate ly  600  eggs w ere  in c u b a te d  a t 3 7 -38°C  w ith  40 -70%  re la tiv e  h u m id ity  and  

tu rn ed  tw ice  da ily  fo r ten  days. O n  th e  1 1th d ay  they  w ere  so rted  by  sh in in g  a  b rig h t lig h t 

in to  the in te rio r o f  the eg g  in  a  d a rk e n e d  ro o m , a  p ro cess  k n o w n  as ’ca n d lin g ’. T h o se  eggs 

w h ich  w ere still v iab le  w ere  fu r th e r  in c u b a ted  fo r a few  hours b efo re  in o cu la tio n  w ith  v irus 

(as d esc rib ed  below ), w h ile  th o se  eg g s  w h ich  w ere  u n fe rtilised  o r  d ead  w ere  d iscard ed . T he 

v iab le  eggs w hich  sh o w ed  sa tisfac to ry  d ev e lo p m en t o f  ch o rio a llan to ic  b lo o d  v esse ls  and  

em b ry o n ic  m o v em en t w ere  m a rk e d  w ith  p en c il to  ind ica te  the  lim its o f  the  a ir-sac  (w hich  

en larg es  fu rth er d u rin g  su b seq u en t in cu b a tio n ) an d  a  sm alle r m a rk  w as m ad e  on  th e  side 

w h ich  sh o w ed  the b es t d ev e lo p ed  v ascu la tu re , tak ing  care  to  m ark  aw ay  fro m  an y  ve ins.

T h e  freeze-d ried  seed  v iru ses  fo r  e ac h  stra in  w ere  in d ep en d en tly  su sp en d ed  in  1 m l o f  

filte red , d o ub le  d is tilled  w ater. T h e se  so lu tio n s w ere  then  m ad e  up to  60 m l. w ith  PB S  co n 

ta in ing  a sm all am oun t (ap p ro x im a te ly  1% ) o f  an tib io tic .

T w o  sm all slits w ere  th en  d r ille d  o v e r  the  ch o rio a llan to ic  m em b ran e  (using  a ro ta ry  d rill), 

one ju s t above the a ir-sac  to  a llo w  p re ssu re  to  be re leased , an d  the o th e r  on  the sm all m a rk  

near, bu t no t over, a vein . T h e  seco n d  s lit w as then  w ip ed  w ith  a sp irit sw ab an d  0 .5  m l. o f  

the  seed  virus in jec ted  in to  the  a llan to ic  flu id  th rough  a th in  1.5 cm  lo n g  need le . B o th  slits 

are  then  sea led  w ith  a  m ix tu re  o f  p a ra ffin  w ax  an d  p e tro leum  je lly . E ach  stra in  w as in jec ted  

in to  ap p ro x im ate ly  27 0  eg g s , th a t b e in g  h a lf  the n u m b er o f  all the v iab le  eggs.

T he  eggs w ere  re tu rn e d  to  the  in cu b a to r, w ith  air-sacs upp erm o st, fo r  3 d ay s, a fte r  w h ich  

tim e they  w ere  ch illed  a t 4 °C  fo r 12 h o u rs  to  ensu re  that the em b ry o  w as d ead  b efo re  th e  a l

lan to ic  flu id  w as d raw n  off.
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T o  h a rv es t the  v irus the shell w as re m o v e d  fro m  the  a ir-sac , a fte r sw abb ing  the  area , an d  

the  a llan to ic  m em b ran e  w as b roken  u s in g  a  P a s te u r  p ip e tte , w h ich  w as then  u sed  to  asp ira te  

the  a llan to ic  flu id . T h e  to tal am o u n t o f  a llan to ic  f lu id  rem o v ed  from  each  b a tch  o f  2 7 0  eggs 

w as 2.25 litres. D u rin g  the h arv estin g  p ro ce d u re  ev e ry  30  eggs w ere p o o led  to g e th e r an d  a  

spo t h aem ag g lu tin a tio n  (H A ) test (d e ta ile d  in  sec tio n  4 .4 .2 ) w as p erfo rm ed  to  d e te rm in e  the 

co n cen tra tio n  o f  the harvested  v iru s  b e fo re  it w as cen trifuged ; all th o se  th a t g av e  g o o d  

h aem ag g lu tin a tio n  u n it (H U ) values (g re a te r  th an  1/1000) w ere  spun a t 20 0 0  G  fo r  20-25  

m inu tes to rem o v e  cell debris.

T he  su p ern a tan t w as care fu lly  p o u re d  o f f  an d  then  fu rth e r cen trifu g ed  a t 3 0 0 0 0  G  fo r 

150 m inu tes to  p e lle t the virus. T h e  su p e rn a ta n t fro m  th is sp in  (w hich  h ad  an  H U  o f  less  

than  1/128, rep resen tin g  a v ira l y ie ld  o f  8 0 -9 0 % ) w as d isca rd ed  and  the  p e lle t re su sp en d ed  

in PB S . T h is  p ro ced u re  w as rep e a te d  se v e ra l tim es w h ich  ev en tu a lly  gave 20  m l. o f  each  

strain  o f  v irus w ith  an H U  o f  1/12 sh o w in g  th e  v ira l co n cen tra tio n  to  be in  ex cess  o f  1 m g /m l.

1.0

Optical

Density

0.0
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Fraction Number.

Figure 4.2; An example of the fractions of the digested influenza virus proteins separated 
from the sucrose density gradient. The peak at approximately fraction 13 is caused by 
the haemagglutinin protein.
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4.3.2. Purification of Haemagglutinin.

T h e  m e th o d  u sed  w as th a t d esc rib e d  by  D . S tev en s o f  the  N ational In stitu te  o f  M ed ica l 

R esearch  (pers. co m m .) an d k n o w n  as  th e  ’B ro m e la in  H A -M e th o d ’. In itia lly  30 m g  o f  E D T A  

an d  287  u l o f  B -m ercap to e th an o l w ere  a d d ed  to  100 m l o f  T ris/C l b u ffe r (see A p p en d ix  A  

fo r d e ta ils ), a n d  a llo w ed  to  s tan d  fo r sev era l h o u rs , e n su rin g  th a t the B -m ercap to e th an o l h ad  

fu lly  d isso lv ed . 100 m g o f  B ro m ela in  p o w d e r w as th en  ad d ed , 3 m l o f  the  resu ltin g  so lu tio n  

w as m ix ed  w ith  an  eq u a l vo lum e o f  co n ce n tra te d  v iru s  an d  the  B rom elain /v irus m ix tu re  w as 

in cu b a ted  a t 3 7 °C  fo r 4 -6  hours.

A fte r  th is  tim e  the su p ern a tan t w as re m o v e d  a n d  lay e red  on  to  a con tinuous (5% -25% ) 

sucrose  d en s ity  g rad ien t. T he g rad ien t w as sp u n  fo r  18 hours a t 35000  rpm  at 15°C, an d  the  

frac tions m e asu re d  in  a  sp ec tro p h o to m ete r a t 2 8 0  nm . A  typ ica l resu lt from  the sp ec tro 

p h o to m e te r is sh o w n  in  F ig . 4 .2 , w h ere  th e  p e a k  in  th e  ab so rb tio n  spectra  due to  the  H A  can  

c lea rly  be seen  ap p ro x im ate ly  2 /3  d o w n  th e  S D G . T h ese  fractions w ere k ep t fo r use in  the  

E L IS  A ’s an d  the  o thers d iscarded .

4.4. Serological Assays.

4.4.1. Protein Concentration Determination (Bradford assay).

T o  te s t th e  co n cen tra tio n  o f  the  re su ltin g  H A  p ro te in , fo r  use in  the E L IS A ’s, the  stan d 

ard  B rad fo rd  a ssay  w as used  (B rad fo rd ,M .M  (1976)). A  d o u b le  d ilu tio n  o f  B S A  (4  m g /m l 

to  30 ug /m l) w as m ade up  in  a  m ic ro titre  p la te , an d  the  te s t sam ples w ere p laced  in  sep ara te  

w ells  o f  the  p la te , all in  v o lum es o f  50  u l. 150 u l o f  the  B rad fo rd  reag en t (see A p p en d ix  A ) 

w as ad d ed  to  each  w ell co n ta in in g  p ro te in  (B S A  o r  H A ) an d  a llow ed  to  equalise . T h e  re su l

tan t co lo u r ch an g e  w as then  reco rd ed  b y  a  p la te -read e r  a t 620  nm . B y  com paring  th e  te s t 

sam ple  o f  H A  to  the  stan d ard  cu rv e  c rea ted  by  th e  d o u b le -d ilu ted  B S A  it w as p o ssib le  to  

d e te rm in e  the  co n cen tra tio n  o f  the H A  fo r  e ac h  stra in .

4.4.2. Haemagglutination Assay (HA).

a) Introduction

C erta in  v iru ses  (the m y x o v irid ae) p o sse ss  the  ab ility  to  c ro ss-lin k  red  b lood  cells (R B C ) 

by the an tig en s  ex p ressed  on  th e ir  su rface  (in  the  case  o f  the  in flu en za  v irus the an tig en  is 

h aem ag g lu tin in  - n am ed  a fte r th is v ery  p ro p e rty ). A  haem ag g lu tin a tio n  titra tion  o f  v ira l
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an tigen  d efin es  the  h aem ag g lu tin a tio n  u n it (H U ) fo r  th a t v iru s; th is is the rec ip ro ca l o f  the  

h ig h est d ilu tio n  o f  v ira l an tig en  a t w h ich  an  ag g lu tin a tio n  reac tio n  occu rs. A n H A  v a lu e  o f  

1 H U  is co n sid e red  to  rep re sen t th e  o p tim al an tigen  co n ce n tra tio n  to  be u sed  in  a  sero lo g i

cal assay , s ince  it rep resen ts  the  h ig h e s t d ilu tio n  w h ich  ex h ib its  a  co m p le te  h aem ag g lu tin a

tion  reac tio n  (C o n ra th  an d  C oup  (1978)).

b) Method

A  v o lu m e o f  0 .2  m l o f  v iru s  sam p le  w as d o u b le -d ilu ted  th ro u g h  0 .2  m l o f  PB S  in  a 

h aem otitre  p la te , an d  0 .2  m l o f  0 .5 %  c lean  fow l re d  b lo o d  ce lls  (R B C ’s) ad d ed  to  each  o f  

these w ells (the  R B C ’s h ad  p rev io u s ly  been  w ash ed  th ree  tim es in p h o sp h a te -b u ffe red  sa line , 

cen trifuged , an d  re su sp en d ed ). T h e  m ix tu res  w ere  in c u b a te d  a t ro o m  tem p era tu re  fo r  ap

p ro x im ate ly  2 0  m in u tes  an d  th en  ex am in ed . A  n eg a tiv e  re su lt w as reco rd ed  i f  the  R B C ’s 

w ere c lu m p ed  in  a p e lle t a t the  b o tto m  o f  the  w ells, an d  a  p o s itiv e  re su lt reco rd ed  i f  the  cells 

w ere su sp en d ed  in  a d ense  m a t (in d ica tin g  agg lu tin a tio n ). F ro m  the  d o u b le -d ilu tio n  it  w as 

p ossib le  to  d e te rm in e  the lo w est titre  a t w h ich  a p o s itiv e  re su lt w as o b ta in ed  fo r the test so l

u tion co n ta in in g  the  v irus.

4.4.3. The Enzyme-linked Immunosorbent Assay (ELISA).

a) Introduction.

T ech n iq u es  w ere  d ev e lo p ed  fo r  screen ing  all se ra  in v o lv ed  in  the  study  fo r IgG  an ti

bodies specific  to  the in flu en za  s tra in s  u sed . T he m e th o d s  u se d  w ere  b ased  o n  th e  E L IS A  

theories o f  V o lle r  an d  B idw ell (1 9 7 6 ). T h e  system  w as d ev e lo p ed  so  th a t all tests w ere  ca r

ried  o u t u sin g  id en tica l eq u ip m en t an d  reag en ts  (w hich  w ere  a ll u sed  at the sam e co n cen tra 

tions) w ith  the  specific  an tig en  b e in g  the  on ly  v a riab le  co m p o n en t o f  the assay. E v en  the  

co n cen tra tio n s o f  an tig en  (in  m g /m l) w ere  co n stan t th ro u g h o u t the tests.

T he an tig en s u sed  w ere  th o se  g ro w n  from  the seed  v iru ses  in  the  m an n er d esc rib ed  above 

in section  4 .3 .1 .

T h e  f irs t s tep  in  the  d ev e lo p m en t o f  th e  p ro ced u re  w as  to  d e te rm in e  the o p tim al co n cen 

trations o f  an tig en  an d  te st serum  to  use  in  the  assays. T h is  w as ach iev ed  by usin g  a system  

ca lled  ’ch ec k e rb o a rd  titra tin g ’ o f  an tig en  ag a in st se ra  w h ich  w ere  co n sid ered  to be e ith e r 

positive  o r neg a tiv e  (V o lle r, B id w ell an d  B artle tt (1980)). T h e  d efin itio n  o f  a true p ositive ,
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o r a  true  negative , has been  in v e s tig a ted  w ith  som e r ig o u r  in  th e  stu d y  o f  p a rasitic  in fections. 

Y eru sh alm y  (1947) d ev e lo p ed  th e  co n ce p t o f  spec ific  d iag n o sis  by d e fin in g  the  concep ts  o f  

sen sitiv ity  an d  sp ec ific ity  fo r  a  d ia g n o stic  test. B y  h is d e fin itio n , the sen sitiv ity  o f  a  te st is 

its cap ac ity  fo r m ak ing  a  co rrec t d iag n o sis  o f  an  in fec ted  in d iv id u a l, w h ile  the  specific ity  o f  

the  test is its capacity  fo r a  c o rrec t d iag n o sis  in  a  co n firm ed  n eg a tiv e  case . F e in s te in  (1975) 

fu rth e r dev elo p ed  this co n cep t by  u s in g  tw o -w ay  tab les to  q u an tify  the  sp ec ific ity  an d  sen

sitiv ity  o f  a  test. H o w ev er, i t  is o b v io u s  th a t th e se  defin itio n s can  h av e  no  rea lis tic  m ean ing  

in the co n tex t o f  this study , w h ere  n o  v a lid a tio n  o f  in fec tio n  can  be m ade . In fac t the  tests 

perfo rm ed , consid erin g  th a t the  an tig en s  w ere  all p u rif ied  sp ec ifica lly , co n stitu te s  the  on ly  

m eans o f  determ in ing  w h e th e r an  in d iv id u a l has been  ex p o sed  to  the  v irus stra in  o r no t (tak

ing  p ossib le  c ross reac tiv ity  in to  acco u n t). H o w ev er, the  co n ce p t o f  d e te rm in in g  w h eth er 

there  are m ore o r less p o sitiv es  th an  w o u ld  b e  ex p ec ted , a n d  h en ce  w h e th er th e re  is cross 

im m unity  betw een  stra in s, o r  c ro ss  reac tiv ity  in  the test, can  be ex am in ed  in  a  s im ilar m an 

ner. T his is d ea lt w ith  in  sec tion  5 .9 .

U n fo rtunate ly  no kn o w n  n eg a tiv e  o r  p o s itiv e  se ra  w ere  av a ilab le , n o r w as a s tandard ised  

test, du e  to  the specific  n a tu re  o f  th e  v ira l an tig en  used. T h e  p o s itiv es  an d  neg a tiv es  u sed  fo r 

the standards w ere, the re fo re , se lec ted  b y  ran d o m  screen ing  o f  som e 500  sam ples to  ob ta in  

a n u m b er o f  sera w ith  h ig h  a n d  lo w  titre s  resp ec tiv e ly . B efo re  the  sam ples w ere  se lec ted  fo r 

use as standards it w as d e te rm in e d  th a t the  h ig h  titre  sera  w ere  from  in d iv id u als  in  the  65+  

age group  (and, therefo re , m o s t lik e ly  to  h av e  ex p e rien ced  in fec tio n ), w h ils t the n egatives 

w ere all taken  from  in fan t sam p les  (an d  th e re fo re  less lik e ly  to  hav e  been  ex p o sed  to  the 

v irus strains). T here  are o b v io u s lim ita tio n s  to  th is m e th o d  o f  se lec tin g  p o s itiv e  an d  neg a

tive sera; ’p o s itiv e ’ se ra  m ay  w e ll co n ta in  c ro ss-reac tiv e  an tib o d ies , as m en tio n ed  earlie r, 

w h ich  ind icate  a p o sitiv e  re su lt w h e re  o n e  d o es  n o t ex ist; w h ile  ’n eg a tiv e ’ sera, on  the  o th e r 

hand , m ay con ta in  p ass iv e ly  tran sm itted  m a te rn a l an tibod ies to  e ith e r  the s tra in  u n d er test, 

o r  to an an tigen ica lly  s im ila r  s tra in  w h ich  w as c ircu la tin g  p rev io u sly . H o w ev er, w ith o u t 

c lass ified  ’p o s itiv e ’ an d  ’n e g a tiv e ’ se ra  fo r u se  in  the test, it is im p o ssib le  to adequa te ly  

standard ise  the p ro ced u re , so, tak in g  the ab o v e  p o in ts  in to  accoun t, som e ran d o m ly  se lec ted  

sera  w ere u sed  as p o sitiv e  o r  n eg a tiv e  co n tro ls , d ep en d en t on  the an tib o d y  titre  levels.
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Figure 4.3; The concentrations of sera titrated against differing concentrations of antigen
in the checkerboards for; a) AIBelll/81, b) A/Eng/333/80, c) AlHong Kongl68. Positive
sera are represented by (1/100), -+ -  (1/200) and - - (1/400). Negative sera are rep-

□
resented by the lower three lines (at the same concentrations).
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b) Procedure for the ELISA Checkerboard.

T h e  p ro ced u re  u sed  w as co n sis ten t fo r  a ll th ree  an tig en s, w ith  on ly  the  k n o w n  h ig h  p o s i

tive  an d  n eg a tiv e  sera  d iffering , th e se  h a v in g  b een  fo u n d  o n  ea c h  o ccasion  by  the  ran d o m  

screen ing  o f 5 0 0  sera. T he  sera  w ere  k n o w n  to  hav e  b een  co lle c te d  a fte r the ep id em ic  c a u sed  

by  the  an tig en  u n d er test, w h ich  w as  u se d  co n s id e ra b ly  in  ex cess  fo r the  ran d o m  screen ing . 

In  this w ay  it  w as  p ossib le  to  fin d  n eg a tiv es  a n d  h ig h  titre  p o s itiv es  specific  fo r each  an tig en , 

w h ich  c o u ld  th e n  be used  fo r the ch ec k e rb o a rd  itse lf.

In itia lly , fo r  the titra tion , the  an tig en  w as d ilu ted  in  ca rb o n a te  ’c o a tin g ’ bu ffe r (p H  9 .6 ) 

to  1 in  25  a n d  lOOul o f  the so lu tion  w as  ad d ed  to  each  w ell in  ro w  A  o f  an en zy m e-im m u 

n o assay  m ic ro titre  p la te , p rev iously  p re p a re d  w ith  lOOul o f  co a tin g  bu ffe r in ev ery  w ell. T h e  

an tigen  w as th en  dou b le -d ilu ted  in  th e  w ells  d o w n  the  p la te  th ro u g h  row s B to  H , g iv in g  a  

final ran g e  o f  d ilu tio n s  from  1 in  5 0  to  1 in  12800. T h e  p la te  w as p laced  in  a h u m id ify in g  

ch am b er a t 4 °C  o v ern ig h t to  a llow  p ass iv e  ad so rp tio n  o f  th e  an tig en  o n to  the p la te .

A fte r in cu b a tio n  the  p la tes w ere  w ash ed  tw ice  w ith  w ash in g  buffer, each w ash  tak in g  

ap p ro x im ate ly  30 seconds, an d  ex cess  f lu id  w as th en  sh ak en  aw ay . T h is w as fo llo w ed  b y  

the b lo ck in g  s tag e  using  5% bov ine se ru m  a lb u m in  (B S A ) as the  b lo ck in g  p ro te in , d isso lv ed  

in  lOOul P B S , w h ich  w as in cu b ated  a t ro o m  tem p era tu re  fo r  on e  hour. T h e  pu rpose  o f  b lo c k 

in g  w ith  a n o n -sp ec ific  p ro te in  like B S A  a t th is  s tage  is to  p rev en t subsequen t ad so rp tio n  o f  

no n -sp ec ific  an tib o d ies  o r co n ju g a te  to  th e  p la te .

T he  p la te s  w ere  w ash ed  tw ice  fo r  a  seco n d  tim e  a fte r  b lo ck in g , an d  lOOul o f  in c u b a tio n  

b u ffe r w ere  th e n  ad d ed  to each  w ell o f  th e  p la te . T h e  p o s itiv e  an d  negative  sera p rev io u s ly  

d e te rm in ed  b y  ran d o m  screen ing  w ere  th en  ad d ed  to  co lu m n s 2 and  8 o f  the p la te  re sp e c 

tively  a t a  co n cen tra tio n  o f  1/25 an d  d ilu ted  across the  fo u r o th e r  co lum ns o f  the p la te , le av 

in g  co lu m n s 1 an d  7 fo r use as ’an tig e n -o n ly ’ co n tro ls , thus g iv in g  a ran g e  o f  d ilu tio n s fro m  

1/50 to  1/800 fo r  bo th  the p o sitive  an d  n eg a tiv e  sera. T h e  p la tes  w ere  in cu b a ted  at ro o m  tem 

pera tu re  fo r 3 hours to  a llow  any sp ec ific  an tib o d ies  p resen t to b ind  to  the an tigen  in  th e  

w ells.

T h e  th ird  w ash  o f  the p la tes w as p e rfo rm e d  th ree  tim es an d  lOOul o f  the co n ju g a te  so l

u tion c o n s is tin g  o f  goat an ti-hum an  IgG  (lam b d a  ch a in  specific) co n ju g a ted  to  h o rse -rad ish  

p ero x id ase  a t a  d ilu tio n  o f  1/2000 w as th en  in c u b a ted  in each  w ell fo r 3 hours. T h is  d ilu tio n
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w as cho sen  b y  re fe ren ce  to  o th e r  E L IS A ’s fo r  the  d e tec tio n  o f  v ira l an tig en  in  w hich  the  

sam e co n cen tra tio n  w as u sed  (N okesJD .J. e t  al. (1 9 8 6 ), C o x ,M .J . (1990)).

F resh ly  m ad e  ’w o rk in g ’ su b stra te  so lu tio n  (see  A p p en d ix  A  fo r  de ta ils) w as then  ad d ed  

to the w ells in  lOOul am oun ts a fte r  th e  f in a l w ash es (th ree  tim es), an d  the p ero x id e  reac tio n  

w as a llo w ed  to  p ro cee d  fo r  2 0  m in u tes  b efo re  b e in g  s to p p ed  by  50 u l o f  2 M  su lphuric  acid . 

T h e  p la tes w ere  then  re a d  a t 4 9 2  nm  in  a  sp ec tro p h o to m ete r to  assess the  op tical density  

(O .D .) o f  each  w ell.

T yp ical ex am p les  o f  th e  ch ec k e rb o a rd  re su lts  are  p re sen te d  in  F igs. 4 .3(a), (b) an d  (c), 

w here it can  b e  seen  th a t a ll an tig en  co n cen tra tio n s  are  in  ex cess  a t 1 in  400. L ow  op tica l 

densities w ere  o b ta in ed  fo r  a ll n eg a tiv e  sera , an d  a  s ig n ifican t d em arca tio n  can  be d e ter

m ined  b e tw een  the  p o s itiv e  an d  n eg a tiv e  sera. T h e  o p tim u m  an tig en  concen tra tion  w as 

chosen  to be 1.5 ug /m l (the  co n cen tra tio n  o f  th e  an tig en  a t a  1 :100  d ilu tion ) an d  the o p ti

m um  sera d ilu tio n  w as fo u n d  to  be 1/200. A t these  d ilu tio n s , n e ith e r the an tibody , n o r the  

an tigen, w ere in co n sid erab le  ex cess , a lth o u g h  it can  be seen  th a t the an tigen  is on the p la 

teau o f  the co n cen tra tio n  cu rve. I t is  im p o rtan t to  en su re  tha t, w h ile  the  an tigen  m ay be  in  

excess fo r the test, the co n cen tra tio n  o f  sera  m u st be k ep t a t a  lo w  en o u g h  level to  p rev en t 

any  satu ration  o f  the  an tigen ; i.e . a d y n am ic  eq u ilib riu m  m u st be m a in ta in ed  be tw een  the  

two.

c) Refinements to the ELISA Technique.

O nce the  o p tim u m  co n cen tra tio n s  o f  an tig en  an d  sera  w ere  d e te rm in ed  it w as p o ssib le  

to refine the p ro ced u re  to  g ive  m ax im u m  sep a ra tio n  o f  p o s itiv e  an d  negative  an d  m in im u m  

background . In itia lly , all reag en ts  w ere  titra ted  b e lo w  an d  ab o v e  th o se  concen tra tions u sed  

in the ch eck erb o ard . F o e ta l c a lf  serum  (F C S ) w as a lso  co n sid e red  as a substitu te  fo r B S A , 

bu t w as fo u n d  to  m ak e  no  d iscem ab le  d iffe ren ce .

N ext, a n u m b er o f  d iffe ren t m akes o f  p la te s  w ere  te s ted  (L in b ro  E l  A I  and  II, N unc an d  

D inatec) to d e te rm in e  w h ich  h ad  th e  m o s t su itab le  p ro p erties  (i.e. m ax im um  an tigen  ad h e 

sion, m in im um  n o n -sp ec ific  p ro te in  ad h esio n ). T h e  p la te  w h ich  gave the  c learest d em arca

tion betw een  p o s itiv e  an d  neg a tiv e  sera, w ith  m in im a l back g ro u n d  w as found  to be the L in b ro  

E IA  I, w hich  w as su b seq u en tly  u sed  in  all E L IS A  p ro ced u res .
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Figure 4.4; A comparison of the results obtained when screening sera against whole virus 
and the results obtained when screening against purified haemagglutinin for the 
A/Eng/333/80, using the sera set collected in 1985. The units are absolute optical den
sities.

Log-Standardised Optical Density of Test
2 .

Figure 45; An example of a bivariate plot generated by screening the same sera set against 
one antigen in duplicate. Data is from 1969 screened against A!Hong Kongl68. Units 
are log-standardised OD. readings as detailed in the text.
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In  ad d itio n  to  the m in o r m o d ifica tio n s  m en tio n ed  above, m o n o c lo n al an tib o d ies  w ere  

in tro d u ced  in to  the p rocedure , bo th  a t the  serum  lev e l, an d  a t the  con ju g ate  stage. T h ese  w ere  

o b ta in ed  fro m  D r. John  S kehel a t th e  N a tio n a l In s titu te  fo r  M ed ica l R esearch  in  M ill H ill, 

L o n d o n , w h ere  they  w ere ra ised  a g a in s t th e  A /E n g /3 3 3 /8 0  an d  A /H ong  K o ng /68  stra ins in  

rabb its . T h e  m onoc lonal an tibod ies w ere  u sed  to  a ttem p t to  cap tu re  the  an tigen , w h en  it  w as 

in  an  im p u re  fo rm , an d  thus en su re  th a t the  te s t w as m o re  specific . T his w as d o n e  by  in itia lly  

co a tin g  the p la te  w ith  a  specific  m o n o c lo n a l an tib o d y  to  th e  v ira l s tra in  be ing  u sed  (a t a  co n 

cen tra tio n  o f  1/200). T he  s tan d ard  E L IS A  tech n iq u e  d esc rib ed  above w as th en  perfo rm ed . 

H o w ev er, it m u st be n o ted  tha t th is in  i ts e lf  d id  n o t im p ro v e  sp ec ific ity  fo r the  w h o le  v irus, 

an d  th e re fo re  the H A  w as p u rified  as  d e sc rib e d  in  sec tio n  4 .3 .2 . W ith  the p u re  H A  no  m ono- 

c lo n als  w ere  necessary  as the  te s t p ro v e d  very  sp ec ific . T h is  can  be seen  in  F ig . 4 .4  w h ich  

show s th a t the  sam e sera te sted  a g a in s t b o th  w h o le  v irus an d  p u rified  H A  gav e  d iffe re n t re 

su lts, w ith  m o re  negative sera  re c o rd e d  ag a in st th e  p u rif ied  H A  than  ag a in st the w h o le  v irus. 

T h is  in d ica te s  tha t w hen  the E L IS A  tech n iq u e  w as p e rfo rm ed  using  the w hole , unpurified , 

v irus a n u m b er o f  false positives w e re  reco rd ed . T h e  id ea  o f  m o n o c lo n al an tib o d y  cap tu re , 

u sin g  the  w h o le  v irus, w as th e re fo re  d isca rd e d  an d  the pu rifica tio n  o f  H A  fro m  the  v irus 

p u rsu ed . N o  m onoclonals  w ere  u s e d  in  co n ju n c tio n  w ith  the  haem ag g lu tin in ; d u e  to  the  

p u rity  o f  the p ro te in  (see F ig . 4 .2 ) i t  w as co n s id e re d  to  be unnecessary .

D u rin g  the con jugate  stage, h o w ev er, m o n o c lo n a ls  w ere  u sed  to very  g o o d  effec t, in  the 

fo llo w in g  m anner. A fter the p la tes  w e re  w ash ed , fo llo w in g  the  add itio n  o f  sera, in s te ad  o f  

ad d in g  the an ti-hum an  co n ju g a te  a  m o n o c lo n a l an tib o d y , ra ised  ag a in st h u m an  IgG  an ti

bod ies in  m ice , w as added, thus en su rin g  th a t w h en  the an ti-m ouse  co n ju g a te  w as ad d ed  

on ly  the IgG  co n stan t chains o f  the  h u m a n  se ra  w ere  lab e lled , thereby  add ing  g rea te r  speci

ficity . T h e  m on o c lo n al w as used  a t a  co n cen tra tio n  o f  1/1000, an d  the an ti-m o u se  co n ju g a te  

w as ad d ed  a fte r  one hour (fo llo w in g  th ree  w ash es) a t a co n cen tra tio n  o f  1/2000.

M o n o c lo n a ls  w ere also u sed  in  a  le ss  su ccessfu l con tex t, w hen  th e  m e th o d  o f  co m p e ti

tive E L IS A ’s w as considered . D u e  to  th e  la ck  o f  success u sing  this tech n iq u e  n o th in g  m ore 

n eed  be m en tio n ed  about it here.

In itia lly , ev ery  serum  sam ple  w as  te s te d  in  d u p lica te  to en su re  th a t no  in co n sisten c ie s  

w ere o ccu rrin g  in the test (see F ig . 4 .5 ), b u t s ince  th e  lev e l o f  e rro r b e tw een  d u p lica te s  w as 

very  low  (r= 0 .994 , P>0.001; n = 3 4 4 ), an d  a  g o o d  sep ara tio n  co u ld  be seen  b e tw een  h ig h  an d
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low O.D. readings, it was decided to continue screening sera singly, to save both time and 

sera (which was in relatively short supply).

All details of buffers and equipment used in ELIS A’s are given in Appendix A.

4.4.4. The Standardising Procedure.

Positive sera, determined by previous random screening (discussed in section 4.4.3(a)), 

were serially diluted two-fold from neat to 1/256 in predetermined negative sera prior to 

dilution in the glycerol/PBS mixture, and stored at -27°C with the test sera. This allowed a 

curve to be fitted between the doubly diluted positives giving a linear relationship between 

the log-values of the diluted positive sera and an arbitrary ’standard’ scale. The calibration 

of the optical density readings for the test sera on each plate can then be performed, by com

parison with this standard curve, if the double-diluted ’standard’ positives are included on 

each test plate. The following algorithm represents the relationship between the standardised 

values and the optical density readings, and can, therefore, be used to calculate a log-stand

ardised value directly from the O.D. reading;

S = loge 1

640.(2(v'c)/m)

where;

S = the standardised value 

v = the optical density of the test sera 

c = the intercept of the standard curve 

m = the gradient of the standard curve.

4.4.5. Screening Test Samples.

Plates were coated with HA for the appropriate viral strain, at a concentration of 1.5 

ug/ml which had been determined by the checkerboards to be the optimum concentration, 

and then incubated at 4°C overnight. The plates were then washed and blocked with BSA 

for one hour. The prediluted stock sera (including both the test samples and the standards) 

were allowed to reach room temperature gradually and then were thoroughly mixed before
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Figure 4 .6; The distribution o f  an tibodies detected  in a ll sera screened against; a) 

A !B elli 181, b) A/Eng/333180 a n d  c) A !H ong K o n g l6 8 ,fo r  a ll years. Units are log-stand
ardised O D . readings. The norm al distributions o f  the positive  sera (high values) can  

be seen to cross over the norm al d istributions o f  the negative sera (low  values) in som e  

cases. These are considered to be the ’c u t-o ff po in ts  f o r  each virus strain.
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Table 4.2. The log-standardised optical density readings used as cut-off points between 
positive and negative sera. All O.D. values below the cut-off points were considered to in
dicate that the individual had not been exposed to the viral strain.

Strain of influenza A. Cut-off point (log-standardised).
A/HK/68 5.60
A/Eng/333/80 5.35
A/Bel/1/81 0.00

use. After washing the plates, 10 ul of stock sera were added to 90 ul of incubation buffer 

in each well, giving a final dilution of 1/200. In this way dilutions of test sera, standards and 

controls were included in each plate.

After incubation of the sera for three hours, the remaining stages were performed as with 

the checkerboard titrations, with the concentration of conjugate at 1/2000 and the mouse 

monoclonal at 1/1000. The plates were developed for 20 minutes before being stopped with 

acid, as detailed earlier, and the O.D. values read at 492 nm in the spectrophotometer.

The distributions of antibody concentrations for the three strains over all the years from 

which sera were collected are shown in Fig. 4.6, where two overlapping distributions can be 

seen in some of the figures. These two distributions represent the negative sera (with low 

O.D. readings), and the positive sera, found to contain antibodies raised against the strains 

(with a higher average O.D. reading). Although the cut-off points (which determine the dif

ferentiation between positive and negative sera tested against the antigens) are not always 

clearly defined, it is possible to estimate a standardised, working cut-off value by eye. Stan

dardisation procedures are notoriously difficult to perform on antibody levels, unless there 

are internationally accepted positive and negative sera. Since these antigens were purified 

from whole virus no such standards are available. To enable a working relationship, those 

distributions with a clear cut definition between positive and negative were used as a guide 

for those distributions which were not so obvious and for the amalgamated distributions of 

each specific strain (4.6). The cut-off points were then used throughout the categorisation 

of positive and negative individuals for the specific strains. It must be remembered that with

out a method for discriminating between positive and negative individuals, the serology is
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Figure 4.7; Com parisons o f  the results o f  sera screened  fo r  the three strains o f  influenza  

fro m  the sam e sera set (1985); a) A/Bel/1181 against A lEng/333180, b )A /B e llll8 1  against 
A /H ong K ong/68 and c) A /E ng/333 /80  aga inst A /H ong Kong/68. A ll units are log-stand

ardised  O.D . readings.
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essentially worthless, so it is important to make some assumptions which enable decisions 

to be made. Various cut-off points were considered for A/Hong Kong, but although there 

were qualitative differences in the results, no significant difference was observed between 

the serological profiles resulting from the different cut-off points. Therefore, this was not 

performed on the other strains, nor was it considered necessary to do further analysis on the 

various cut-off options.

Because of the system of standardisation used, once a cut-off point has been determined 

for one strain it holds true for all sera tested. The cut-off points used for each antigen are 

listed in Table 4.2.

To ensure that individuals did not possess identical antibody levels for all three strains 

(i.e. the same antibodies in each individual were being detected by the three separate assays) 

comparisons were made, for each serum sample tested, between the antibody levels specific 

for each strain of virus. These can be seen in Fig. 4.7, which clearly shows that there is a 

disparity between the levels of antibody, generated by an individual, against each strain. Al

though this does not exclude the possibility of cross-reactivity amongst the antibodies, it 

does indicate that each assay is reasonably specific to each strain, and hence the antigens. 

Further statistical analysis is performed on this data in chapter 5 to determine the exact na

ture of the ’shared’ antibody observed in Fig. 4.7.

4.5. Discussion.

Initially the generation of appropriate antigens for the determination of potentially cross- 

reactive antibodies in the test sera raised many problems. However, once the process of puri

fication of HA was undertaken it did not prove to be an overly large hurdle. The main problem 

was to produce enough antigen to screen all the sera involved. This was eventually done by 

growing the two strains in 600 chicken eggs, which produced some 5 litres of allantoic fluid, 

from which in turn was harvested 20 ml of each concentrated virus. From this concentrated 

virus it was possible to purify 6 ml. of HA for each strain, which could be used, albeit only 

slightly diluted, for the ELISA tests. Once the purity of the antigen was ascertained it was 

possible to screen the sera, with reservations on the accuracy of the test.

The sera set which was analysed for this study was by no means ideal, and the various 

shortcomings have been listed in detail. The most relevant deficiencies involve the under-
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representation of younger individuals compared to the needs of the analysis. The counter

weight to these deficiencies was the ease of access to the sera set, and the comparatively 

large numbers of sera taken from the same area over a long time interval. As a consequence 

some 8700 tests were performed on the various sera against the three antigens, which gives 

a good serological data base for the preliminary investigations of co-existing virus strains. 

Suggestions for the structure of the sera sets to be used in this type of work in the future are 

outlined in chapter 7.

The assay chosen to perform the tests, namely the Enzyme-Linked Immunosorbent 

Assay, was one which has been used successfully on many occasions (Jennings et al. (1981), 

Kemeny and Chantler (1988), Evans,A.S. (1982), Nokes et al. (1986) and Cox (1990)). Not 

only does it give specific, qualitative results it is also easy to perform on large numbers of 

sera and is very reliable. An optimised ELISA strategy for testing against the influenza HA 

antigens was obtained by a simple trial and error procedure. All variable components of the 

assay were used in differing amounts and the best combinations (i.e. those which gave op

timum differentiation between known positive and negative sera, with a minimum of back

ground) were used in the final screening of sera. The results were also standardised in each 

microtitre plate to prevent variability between tests and thus make all results comparable.

The indirect ELISA was chosen because of the consistency in the results obtained by 

this method, and hence its reliability and reproducibility. Although it is possibly not the best 

assay available to test specific virus strains, the antigen used was highly purified, thus mak

ing this aspect a relatively low priority in the test chosen, compared with the practicality of 

screening such a large number of sera. A competitive ELISA using monoclonal antibody to 

bind with the antigen in opposition to the sera antibody would have given a greater speci

ficity, but a reliable protocol could not be achieved so this assay was abandoned.

Other problems with this type of screening include the definition of positive and nega

tive values for the individuals under test, once the assay has been conducted on a sera set. 

This was performed by a rudimentary method of estimation to determine a suitable cut-off 

point between the two distributions. This method has been used successfully in the past 

(Nokes et al. (1990) and Cox (1990)). Other methods which might have been used to deter

mine the cut-off point, while appearing more accurate, introduce a new element of error. 

These methods include the assumption of normality in the distribution of the positive and
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negative sera, which is not strictly true. Either a normal distribution can be assumed and a 

best-fit line determined by the process of maximum-likelihood, taking the cut-off point to 

be at the area of cross-over between the two distributions, or the variance and mean can be 

calculated for the distribution of the negative sera, and an arbitrary point taken some 2-3 
standard deviations from the mean, taken to be the cut-off point (Nokes,D.J. pers comm.). 

Both of these are reliant on the assumption of normality in the distribution, and both have 

an abstract method for choosing the cut-off. Some element of doubt will always remain with 

any method when the distributions of positive and negative sera are as unclear as they are 

in this study, but significant weight is added to the validity of the method used, however, by 

the results in the following chapter, which show a greater number of negative individuals in 

the younger age classes than in any other. This indicates that the cut-off points used were 

representative of the correct antibody level. There is no essential need to get absolute values 

for positive and negative, so long as consistency is observed. In an assay such as this, which 

is very qualitative, the main objective is to get results that are comparative, not necessarily 

absolute. It is impossible to achieve perfection in this situation, because there is always a 

certain number of both false positives and negatives, which cannot be detected.

Although the problem of cross-reactivity was dealt with as extensively as possible, the 

fact cannot be ignored that some cross-reactivity between the serum samples will occur, con

sidering the nature of the antigens being tested. Test specificity is impaired because the anti

bodies that lead to cross-immunity will, most likely, be cross-reactive to the various antigens. 

The problems involved with cross-immunity and specificity can only be considered theore

tically until a greater understanding of the mechanisms behind the immunity generated to 

different strains of influenza is achieved. Until that time it will be necessary to analyse the 

results from studies of this type empirically and treat with caution any conclusions regard

ing cross-reactivity between strains and the concept of cross-immunity. The antigens used 

were as distinct as possible, to a large extent eliminating the possibility of non-specific cross- 

reactivity. Further examination of potential cross-reactivity in the screening process is con

ducted in section 5.9.

It is possible to conclude that, given the quantity of sera which was tested, the most ac

curate test possible was performed to screen the sera in a controlled way against purified and 

specific antigens.
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Chapter Five: Seroepidemiological Analysis.

5.1. Introduction.

Serum samples from a number of years were screened for the presence of various in

fluenza A haemagglutinin-specific antibodies using the ELISA technique (see chapter 4). 

The empirical data thus provided form the basis of the seroepidemiological analyses 

presented in this chapter

The epidemiological interpretation of serological data involves arguing backwards from 

endpoints to some component of the process such as prevalence of infection, intensity of 

transmission or the duration of the infectious agent in the population. Interpretation of the 

results is always dependent on the relationships between the immunodiagnostic endpoints 

and the antecedent epidemiological variables of interest, taking into consideration possible 

confounding variables. The objectives of this study include an attempt to detect antibodies 

which are circulating due to either present infection or past exposure to infection in order to 

determine whether there is a particular influenza strain circulating at a given time. If there 

is a particular strain circulating, the level of seropositivity (i.e. the proportion of the popu

lation with antibodies in the sera directed against a specific strain) at this time must be deter

mined, and whether or not this level is changing.

Serological population surveys can be one of three types; a single cross-section by age 

of the population; repeated cross-sections by age; or true longitudinal surveys of a cohort of 

individuals (where the individuals are followed through time and hence over age). In all 

cases the data must be recorded with respect to the age of the individual. The first part of 

this chapter deals with the analysis of seroepidemiological data for influenza based on a 

number of horizontal cross-sectional surveys in Sheffield for the years 1969, 1979, 1981, 

1985, 1987, 1988 and 1989. When analysing a cross-sectional study, if there has been no 

transmission for a number of years, there should be no seropositive individuals below the 

age equivalent to the consecutive number of years in which transmission has occurred. The 

intensity of transmission can be estimated using a catalytic infection model which assumes 

a constant risk of infection for each age group. If the risk (or force) of infection has changed
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over a lifetime, the model can still be used for young individuals to estimate the recent in

tensity of transmission. The shortcomings of a single cross sectional survey are that it does 

not take account of seasonal patterns in transmission, nor do the proportion of seropositives 

give an indication of longitudinal changes in intensity of transmission.

As a consequence of the cross-sectional surveys having been conducted on sera that were 

sampled over a number of years it is also possible to consider the changes in the population 

through time, or ’longitudinally’. A repeated cross-sectional study gives an indication of any 

changes in transmission between the various surveys. However, when making estimates of 

the force of infection from the changes in the proportion seropositive it is important to con

sider the changes with respect to age and time. The intention is to obtain information on the 

state of immunity to the influenza virus across a wide band of age classes in the population 

(from children less than one year old to the elderly), and to determine what impact (if any) 

the cross-immunity conferred between viruses has on the levels of immunity observed.

The epidemiological status of the various strains (i.e. whether they are endemic or, if 

not, when they were introduced into the community) is also considered in longitudinal studies 

of different cohorts of individuals. Longitudinal surveys of a cohort of individuals give the 

best data for this type of analysis, but in general these studies are impractical in terms of time 

and effort (i.e. they require repeated surveys each year over many decades).

The second part of the chapter considers the epidemiological parameters that can be es

timated from profiles of immunity with respect to age, most notably the ’force of infection’ 

and the average age at first infection. Conclusions drawn from the observations made in this 

chapter are very dependant on data collection methods and the method of analysis employed. 

Some comment has been made in the earlier chapter on the limitations of the sera set used 

and the method of collection of these samples, on the populations from which they were 

drawn, and on possible limitations of their use in epidemiological research.
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Part I: Age-Serological Profiles.

5.2. An Introduction to age-serological profiles.

In chapter 4, the serological methods used to screen the sera for influenza strain-specific 

antibodies were described. The results obtained from the serological screening of the sam

ples have been used to construct serological profiles which describe the distribution of im

munity to the three strains under consideration, with respect to age. Such profiles reflect 

age-related trends in the rate of acquisition of infection, and hence immunity (Anderson and 

Grenfell (1986)), and provide an estimate of the transmission potential of each strain in the 

population. Age-serological profiles from horizontal cross-sectional surveys can yield infor

mation on the likely epidemic nature of an infection (Nokes et al. (1986) and Anderson et 

al. (1987)) and the effect (if any) of cross-immunity between directly transmitted viral strains.

5.3. Horizontal Studies of Age Serological Profiles.

5.3.1. Observations on the Immune Proportion of the Population.

When describing the appearance of serological profiles it is helpful to use specific phrases 

to imply the current state of immunity to a virus strain. In this thesis, the following defini

tions are used. The term epidemic is used to describe an exceptional number of cases over 

a given (short) time period. Conversely an endemic situation is one in which the virus has 

reached a certain equilibrium, such that the introduction of new cases each season does not 

significantly affect the pattern of the serological profile. Where a virus strain is described as 

being incident in a particular season, it implies that no cases of that strain (or no seroposi

tive individuals) have been recorded before that year.

The Age-serological profile derived from the 1989 sera set after testing for strains 

A/Bel/1/81, A/Eng/333/80 and A/Hong Kong/68  are shown in Figs. 5.1(a), (b) and (c) re

spectively. The year 1989 was chosen as representative because it was the latest year to be 

screened, and therefore the data is most likely to detect the presence of endemic strains. It 

should be noted that A/Bel/1/81 in particular may well not be endemic, but still epidemic, 

at this time. This is considered in greater detail in section 5.4.
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Figure 5 .1; Age serological pro files  fro m  1989 showing the percentage o f  each age group  

that is positive fo r  a) A /B e lll/8 1 , b) A/Eng/333180 and c) A lH ong K ong/68. The cu t-o ff  

poin ts used  to determ ine w hether each  sam ple was positive or negative are deta iled  in 

Table 4 2 .
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In the older age groups of the data for A/Bel/1/81 (see Fig. 5.1(a)) a distinct decrease in 

the proportions of the populations seropositive can be observed. The peak in the 9 to 20 year 

age groups is the most striking aspect of this profile, as well as the lack of any significant 

maternally-derived antibody.

From Fig. 5.1(b) it can be seen that, for the A/Eng/333/80 virus strain, there is a higher 

prevalence of antibodies in infants aged between 0-5 months, this may be due to maternally 

derived antibodies. Unfortunately, due to small sample size of the 0-1 year age group, it is 

not possible to assess whether there is a significant decay in this passively acquired anti

body, which would indicate the presence of maternally derived antibodies directed against 

this strain.

The age-serological profile of A/Hong Kong/68  (Fig. 5.1(c)) follows the pattern charac

teristic of a virus with a high transmission potential that is endemic in the study population. 

The proportion of the population seropositive during the young age groups rises sharply with 

age, giving rise to a high proportion of the older age classes being seropositive. In addition 

to there is the presence of a high level of possibly maternally derived antibody. The increas

ing levels of seropositivity seen in older age classes must be attributed to active acquisition 

of antibody through exposure to the viral strain. It can be seen that from 1 year to 15 years 

old the level of the population positive to the virus rises from 25% to 80%. After the initial 

rise the proportion positive stays relatively constant at between 80% and 90% through all 

older age classes.

Persistently high levels of seropositivity from the 10-15 year age groups upward suggest 

maintenance through time of continually high rates of viral transmission. This is indicative 

of an endemic virus (see also the longitudinal trends detailed in section 5.5). A slight decline 

in seropositivity occurs in middle-age which may be the result of the epidemic cycles of the 

virus or may simply be a sampling artefact.

Figure 5.1(c) shows the typical age-serological profile of an endemic virus, with high 

levels of seropositivity in the infant class (<1 year, due to maternally derived antibody), ris

ing prevalence of antibody through 1 to 14 year old children, followed by a plateau in the 

adult age classes.
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The levels of antibodies observed in the sera collected in 1989 indicate that at that time 

both the A/Hong Kong/68  (H3N2) strain and the A/Eng/333/80 (H1N1) strain were essen

tially endemic. The A/Bel/1/81 (H3N2) strain, however, appears not to have reached an en

demic equilibrium by that point in time. Repeated cross-sectional studies, in which the 

serological results from different cohorts of individuals screened at regular periods are con

sidered, are detailed in section 5.5. In that section the situation in terms of the endemicity 

(or otherwise) of these three subtypes of influenza A is discussed.

5.3.2. Age-related trends in specific antibody concentration.

It is possible to use the results of the sera screening to study any trends with age in the 

mean concentration of actively acquired antibody. This may aid in the interpretation of age- 

serological profiles. Figure 5.2(a), (b) and (c) show the mean concentration of antibody in 

the sera of seropositive individuals, collected in 1989, against age, for the three strains under 

consideration. The data starts at age 1 year and is blocked into fixed sample sizes. The re

gression analysis data is shown in Table 5.1. From this it can be seen that the changes in the 

mean antibody levels through age are negligible. This suggests that there is no age-related 

decline in the antibody levels in an individual for any of the strains of influenza A exam

ined. The horizontal line represents the cut-off points for the three strains to demonstrate 

that there is a significant difference between the average positive values (shown in Table 

5.1) and the chosen cut-off points (see table 2.2).

5.3.3. Age-dependant Variability in Antibody Levels.

It has been shown that variability in antibody levels to antigens of directly transmitted 

viruses in populations in developed countries can increase with age (Nokes et al. 1986). If 

levels fall below the cut-off point this can lead to false negatives. If this occurs the observed 

proportions seropositive in the older age groups may underestimate the true pattern of ex

posure.

Figures 5.3(a),(b) and (c) show the variance to mean ratios against age for the strains in 

question for 1989. For the two strains which co-existed during the 1983 epidemic season it 

can be seen that any variability in antibody concentration is negligible and certainly falls 

within acceptable limits. However, it can be seen that there is considerably more variation
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Figure 5 .3; The variance to m ean ra tios f o r  antibody levels (log-standardised values) p lo tted  

against age fo r  a) A /B elfl/81 , b) A lE ng/333 /80  and  c) A /H ong Kongl68. N ote tha t the  

scale fo r  (a) is an order o f  m agnitude greater than the o ther two. There is no apparen t 

trend fo r  a change in variability w ith  age fo r  any strain.
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Table 5.1. The rate of change in the average antibody concentration through age for the 
seropositive individuals in the 1989 sera set. Tested against three virus strains.

Strain
------------------------- *—

Average Cone. Rate of Change* r value
A/HK/68 7.026 3.24X10-4 2.55xlff4
A/Eng/333/80 6.015 -5.1X10"4 1.24xl0'3
A/Bel/1/81 3.518 8.23xl0'3 1.93xl0'2

* Log-S tandardised Units.

+ Gradient of Regression line for the correlation of antibody concentration with age. 
(Significant deviation from the line indicates a trend with respect to age).

for the A/Bel/1/81 strain than for A/Eng/333/80. A/Hong Kong/68 shows a small variation, 

more comparable to the A/Eng/333/80 strain than the A/Bel/1/81 strain.

5.4. Longitudinal trends.

Horizontal surveys are not ideal for estimating certain epidemiological parameters 

(Nokes et al. 1989) so it is sometimes useful to consider the change in antibody levels of a 

population through time (this can be considered as approximating longitudinal surveys on 

the same cohort of individuals). This can be most easily done by constructing a series of 

horizontal age-serological profiles that represent the passage of several cohorts of individ

uals through age and time. Note that samples of a given age class in different years do not 

consist of the same individuals.

Figures 5.4(a), (b) and (c) show several horizontal age-serological profile’s though a 

course of some 10 years for the three strains of influenza (20 years in the case of A/Hong 

Kong/68). It is from these figures that the strains are classified as being either endemic or 

epidemic, depending on the characteristics of the age-serological profile for the years stu

died. It can, therefore, be concluded that, over the time periods studied, both the A/Hong 

Kong/68 and the A/Bel/1/81 strains appear to be new arrivals, whereas the A/Eng/333/80 

strain appears to be endemic.
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Figure 5.4; H orizontal age-serological p ro files  over a num ber o f  years through the p eriod  

1969 to 1989 fo r  a) A IB elfll81 , b) A /Engl333/80  and c) A lH ong Kongl68. The estab

lishm ent o f  the strains can clearly be seen in both (a) and  (c), whereas the strain in (b) 

appears to be endem ic fo r  the tim e p erio d  studied.
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It is also possible to derive estimates for the force of infection of each virus strain in the 

community, and its variation through time, from this ’longitudinal’ data. These trends in the 

seropositivity of the sample must be interpreted with some caution, however, since they do 

not represent actual longitudinal cohort studies. The sera samples used are taken from the 

same area, and hence population, but they are not the same individuals followed through 

consecutive time periods.

5.4.1. Strains Endemic in 1989 (A/Eng/333/80 and A/Hong Kong/68).

From Figs. 5.4(b) (showing the longitudinal trends of A/Eng/333/80), 5.4(c) (A/Hong 

Kong/68) and also Fig 5.5, it can be seen that both these viral strains were at an approximate 

endemic equilibrium in 1989. It must be stressed that there will be many individuals who 

will have been alive for a longer period of time than the particular strain has been circulat

ing, and, therefore, the situation observed here is not a true endemic equilibrium of the sort 

observed with other viruses, such as measles, mumps or rubella. The A/Eng/333/80 strain 

appears to have been incident before 1979, unfortunately the antigen was exhausted before 

it was possible to test the 1969 or 1973 sera against this strain to determine the exact year 

of appearance. It is possible that the antibodies detected here were a result of a previously

Percentage of

Population

Seropositive

1969 1979 1961 1964 1967 1986 1969

Year of sera collection.

Figure 5 .5; The proportion o f  the popula tion  seropositive to the three strains o f  influenza A  

through the years 1969 to 1989. The diam onds represent A lH ong K ong/68, the crosses 

A/Eng/333/80 and the squares AIB el/1/81. The appearance o f  the tw o 'epidem ic ' strains  

is obvious, with a sm all decline in the antibody level through time fo r  two o f  the strains, 

but not the third (A /H ong K ong/68).
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circulating antigenically similar strain, which would cause the profile to take on this shape. 

The A/Hong Kong/68 strain, however, can be seen to have been present in the younger age 

groups at or before 1969. It then spread through the age groups until the situation is reached 

in 1989, detailed in Fig. 5.1(c), where the profile is the classic shape for that of an endemic 

virus.

The change in the proportion of the total population seropositive to the strains can be 

seen in Fig 5.5, where both A/Hong Kong/68 and A/Eng/333/80 are maintained at high le

vels of seropositivity in 1989, in contrast to the A/Bel/1/81 strain which appears to be de

clining in prevalence through time. As consequence of these observations it appears likely 

that the strains A/Hong Kong/68 and A/Eng/333/80 are at an approximately endemic equili

brium (or are approaching this situation) in the 1989 sera set, whereas it appears that the 

A/Bel/1/81 has not yet reached equilibrium. It is important to consider the age structure of 

the sera sets used, which may have some bearing on the interpretation of Fig. 5.5. From Fig.

4.1 it can be seen that the distribution of individuals throughout the age groups in all sam

ples is essentially uniform, so all data points presented in Fig. 5.5 can be considered to be 

equivalent in size and age structure.

5.4.2. Strain Epidemics in 1989 (A/Bel/1/81).

The data records an example of a virus strain (A/Bel/1/81) being introduced into a popu

lation of susceptible individuals. In 1979 the only individuals that had apparently been ex

posed to the virus were a small proportion of the youngest age classes. As the virus continued 

to circulate it appears that older age groups seroconverted until the situation essentially re

sembled that of an endemic virus, but without all of the older age groups being 100% sero

positive. This may well be indicative of a low force of infection in the middle age groups, 

which would explain the relatively low levels of prevalence (less than 70%) observed in the 

21+ age groups in 1989 (Fig 5.1(a)).

The situation is well summarised by Fig. 5.5 which shows the changes through time of 

the total proportions of the population seropositive to the three strains. It can be seen that 

both A/Hong Kong/68 (in 1969) and A/Bel/1/81 (in 1979) induce large proportions of the 

population to become seropositive, whereas from 1979 onwards all three strains show high 

levels of seropositivity.
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Part II. Age related Variation in the Rate of Transmission.

5.5. Introduction.

The distribution of immunity to an infection which is either epidemic, or considered to 

be endemic, in a population at one time may be ascertained from age-serological profiles. 

This was clearly illustrated for various influenza A strains in the first part of this chapter. In 

general terms the steepness of an age serological profile (ASP) is a measure of the magni

tude of transmission of infection in the community; the more rapid the rise, the greater the 

degree of transmission (Anderson and May (1983b)).

More specifically, the changes with age in the proportion immune, are an indication of 

the probability of an individual acquiring infection. A quantitative measure of this infection 

rate is known as the ’force of infection’ (denoted by the symbol .̂) and may be defined as 

the per capita rate at which susceptible individuals acquire infection (Anderson (1982), An

derson and May (1982b, 1983a and 1985) and Grenfell and Anderson (1985)). Estimation 

of the force of infection, X, is made possible by the use of ’catalytic infection models’ which 

mirror the changes in the proportion immune (i.e the proportion of the population who have 

experienced infection) recorded by age-prevalence profiles (or alternatively, by prevalence 

profiles determined from case notification analyses which are discussed in chapter 3). 

(Muench (1959), Griffiths (1974), Anderson and May (1982b, 1983a and 1985) and Gren

fell and Anderson (1985)).

The force of infection, defined above, is not equivalent to the more widely used ’attack 

rate’. The attack rate is defined as the number of cases in a specified stratification (e.g. age 

class) of the population over a given time interval, per head of population in that stratifica

tion (Grenfell and Anderson (1985)), and not the number of cases per susceptible head of 

population.

Simple observation of heterogeneity in the rate of contact between individuals within 

and between age classes in a community gives rise to the suspicion that the probability of a 

susceptible individual becoming infected (in an interval of time) is very much dependant on 

the age of that individual (e.g. the interactions between school children compared to those 

between school children and the elderly). Age-dependence in the per capita rate of trans
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mission has been documented for various childhood viral and bacterial infections, includ

ing measles, mumps, varicella, pertussis, scarlet fever and rubella (Griffiths (1974), Fine and 

Clarkson (1982) Anderson and May (1985) Grenfell and Anderson (1985), Nokes et al. 

(1990) and Cox (1990)). A consistent age-related trend in the force of infection has emerged 

from these studies: low in young children, higher in older children and adolescents, and low 

again in adults. One of the aims of this study is to see if this holds true for the various sub- 

types or strains of influenza A, especially in light of the results from chapter 3, which indi

cate otherwise.

In the same way that mass immunisation acts to increase the average age at infection 

(Knox (1980), Fine and Clarkson (1982), Anderson (1982) and Anderson and May (1982b 

and (1983a)) it appears probable that cross-immunity conferred from one strain to another 

acts to raise the average age at infection for both strains (this concept is dealt with in detail 

in chapter 6). For this reason the nature of age-dependant variation in the force of infection 

may well have a considerable bearing on the acquisition of natural immunity to related strains 

of influenza A. The risk of serious complications arising from infection is itself age-depend

ant (Hers et al. (1958), Finland et al. (1945), Martin et al. (1959) and others). Accurate deter

mination of age-related rates of infection should, therefore, be regarded as a prerequisite for 

research involving the development of models which explore the impact of cross-immunity 

between strains on disease incidence.

Serological data is the most reliable epidemiological information upon which to base 

such estimates (see also chapter 3 for case notification data) (Anderson and May (1983b) 

and (1985)). However, until now, there has been a lack of detailed, finely age-stratified sero

logical data for influenza in the UK. The surveys, described in Part I of this chapter, go some 

way to rectifying this situation.

The force of infection of any particular strain of a virus is dependent on three things. The 

infectiousness of the virus strain, the rate of contact between infected and susceptible indi

viduals and the number of infectious individuals in the population at the time. From this it 

might be supposed that the characteristics of a given strain will be reflected in the pattern of 

the epidemic that results from the introduction of that strain into the community.
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The force of infection can be measured in various ways. It can be measured directly from 

the serological profile which is taken during the year in which the strain first caused a num

ber of cases (the year of incidence), or from a ’cohort’ of individuals (although it must be 

stressed that this is not a cohort of the same individuals, merely individuals of an equival

ent age range for that year), as it ages, through time. By looking at a ’cohort’ of individuals 

who are seropositive to A/Bel/81 or A/Hong Kong/68 through time an estimate can be made 

of the change in the force of infection as this ’cohort’ ages. If the virus is considered to be 

endemic, the standard catalytic infection model can be applied to those individuals who have 

been bom subsequent to the epidemic, but not to the older age groups. These values can then 

be compared with those which were obtained by the methods based on serological studies 

at one point in time.

In the following sections, age-related changes in the rate of influenza transmission are 

determined from the age-serological profiles for the South Yorkshire district, employing 

either a direct method, or the catalytic infection model described in the next section, depend

ing on the equilibrium state of the vims strain. The aim is to determine the age dependant 

nature of the force of infection for various influenza strains, which has only been considered 

in anecdotal form for individual strains of the influenza vims up to this time (Collins (1929) 

and Glezen (1982)). The data is also used to provide precise age-dependent estimates of this 

parameter for a mathematical model of influenza A transmission, which is then used in chap

ter 6 to explore the interactions between two co-existing strains. A discussion then follows 

on the extent to which these results are representative of influenza in this country and on the 

factors which might affect confidence in the authenticity of estimates of infection rates from 

serological data.

5.6. The Catalytic Infection Model.

Age-specific forces of infection, X(a), can be estimated from the age-stratified serologi

cal data for the South Yorkshire area detailed in chapter 4, using the method described by 

Anderson and May (1983b). In their approach, the rate of change, with age, in the propor

tion of the population immune to an infection by age a (F(a)) is represented by a catalytic in

fection model which takes the form;

dF(a/da = X(a)[l-F(a)] (5.1)



-135-

This differential equation has the solution

F(a) = l-exp[l- X(x) dx] (5.2)
0

Previous models of this nature assume the force of infection, X , to be age independent

(Muench (1959)) or to increase linearly with age (Griffiths (1974) and Anderson and May

(1982b)). Anderson and May (1985), however, represent the force of infection as a function 

of age a. If x = (1-F) then from equation (2)

k(a+l/2Aa) = -ln. x(a+Aa) /  (5.3)

x(a) / Aa

More complex methods have been developed, which are discussed later, but for this study 

X(a) is estimated from observed changes with age in the proportion immune, (taken directly 

from age prevalence profiles) using equation (5.3). This method was chosen in place of any 

other possible methods (e.g. the polynomial approximation method described by Grenfell 

and Anderson (1983b)) because only 5 data points were available for use once the individ

uals had been clumped to form significant numbers within any one age group.

The accuracy of this method in the determination of age-related forces of infection will 

be affected by the validity of the assumptions inherent in the model. These assumptions are 

(Grenfell and Anderson (1985), Anderson and May (1985)) as follows;

(a) the force of infection is constant with time (or at least exhibits constant recurrent 
cycles around an average equilibrium level);

(b) the infection induces lifelong immunity to reinfection by the same strain of influen
za and does not increase the mortality of those infected;

(c) horizontal age-related changes in the proportion of the population who have experi
enced infection mirror longitudinal changes for a cohort of individuals.

(d) there is no age-dependant bias in reporting;

(e) the case notifications are of infection with the virus, and not only of clinical cases of 
disease.

For a stable population, with the virus at an endemic equilibrium, these assumptions are 

roughly satisfied. However, in the case of the A/Bel/81 strain, these assumptions obviously 

do not hold true (Fig 5.4(a)), so a direct method must be employed for the year in which the 

virus was incident. When estimating the age-dependent force of infection in this manner it 

is assumed that the proportion of the population seropositive is directly proportional to the
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force of infection in that year. This is easily explained by considering equation (5.3) and as

suming that the proportion susceptible at age (or time) 0 will be 1.0. That is, in the year be

fore the virus appeared, no individuals were seropositive, but in the year under consideration 

a proportion of the population became seropositive in direct relation to the size of the force 

of infection acting upon a specific age group.

5.7. Force of Infection Estimates.

5.7.1. Using the Catalytic Infection Model.

Using the catalytic infection model described it was possible to estimate the forces of 

infection for the two strains under consideration; A/Hong Kong/68 and A/Eng/1/81. Table

5.2 shows the estimated forces of infection values for the various age classes.

These estimates were made from the 1989 data set where the strains are assumed to be 

approaching an equilibrium state. Under this assumption the estimated forces of infection 

are only determined for those age groups for which the force of infection value can be con

sidered over the time period in question. Thus, only those age classes which could have been 

exposed to the virus strains (i.e. those ages which are less than the time for which the strain 

in question has been circulating) have been considered in this analysis. These ages are less 

than 20 years old for the A/Hong Kong/68 strain, and less than 10 years for the A/Eng/81 

strain.

From Table 5.2 it can be seen that the age-specific forces of infection for the A/Hong 

Kong/68 strain of influenza appear to be highest in the 15-20 year age group. There are not 

many conclusions which can be drawn about the pattern of transmission with respect to age 

from these values, since it is not possible to estimate any forces of infection for the older age 

groups which have not been exposed to the virus strain for the whole of their lives. How

ever, the values can be used in the estimation of the forces of infection for the model which 

is described in the following chapter.

5.7.2. Direct Estimation of the Force of Infection.

From direct measurement of the proportion of the population which expresses antibody 

to a specific virus strain which is acting on a ’virgin’ or naive population (i.e. highly sus

ceptible) it is possible to determine the age-dependant forces of infection for a particular
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a)

Force of

Infection.

(year1)

Age Group.

b)

Figure 5 .6; The estim ated fo rces  o f  infection fro m  the proportion  seropositive a) in 1979fo r  

A/Bel/1181 and b) in 1969fo r  A!H ong K ongl68. The m ethod o f  estim ation is fro m  direct 

m easurem ent o f  the proportion  o f  the popula tion  im m une to the strain o f  virus. A s in Fig. 
5 .7  the fo rce  o f  infection fo r  the A!H ong Kong! 68 strain has m axim um  values a t a greater  

age than fo r  AIBell 1/81.
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strain in that season. This has been done for the two strains which can be seen to be incident 

in a specific year, namely A/Hong Kong/68 and A/Bel/1/81.

This method for the estimation of age-specific forces of infection gives the most infor

mation. It is possible to compare the pattern of the age specific forces of infection for A/Hong 

Kong/68 (Fig. 5.6(b)) with the patterns of infection found during the analysis of the case no

tification data (Fig. 3.6). Both patterns of infection show a peak around 20 years of age, fol

lowed by a high level of ’infectivity’ in the 65+ age group. This indicates a similar situation 

with respect to the patterns of infection; it is probable that more of the sera samples collected 

from the oldest age group were referred to General Practitioners as a result of some influen

za-linked respiratory disorder, thus leading to over-reporting of cases (in terms of real in

fection) in this age group.

There is a different pattern observed in the case of the A/Bel/1/81 strain (Fig 5.6(b)), 

which shows a higher force of infection in younger individuals, followed by a gradual in

crease through age. Those estimates for the A/Hong Kong/68 strain (Fig. 5.6(a)) agree well 

with the estimates from the endemic situation (Table 5.2).

5.7.3. Estimation of Force of Infection from Longitudinal Study.

In the same way that force of infection estimates could be determined for each age group 

in section 5.6, it is possible to calculate the change in the force of infection through time 

from the longitudinal data.

Using the catalytic infection model described in section 5.6 it is also possible to estimate 

age dependant forces of infection from this data. By following a ’cohort’ of individuals (as 

described earlier) through age and hence time, it is possible to construct an age serological 

profile which takes into account the change of the age-dependent forces of infection through 

time (Fig 5.9). From this figure it can be seen that there is a distinct difference between the 

age groups <1 year and 5-8 years for both the A/Hong Kong/68 strain and the A/Bel/81 

strain. However, this difference remains essentially the same through time, although the 

values of both age dependent forces of infection change through time.

The force of infection estimates from the longitudinal study are 0.076 year’1 for A/Hong 

Kong/68 and 0.164 year’1 for A/Bel/1/81. As both viruses approach an endemic equilibrium 

(1981 for A/Hong Kong/68 and 1985 for A/Bel/1/81) the average force of infection is ap-
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a)

Proportion of 

Age Group 

Seropositive.

b)

Proportion of 

Age Group 

Seropositive.

Figure 5.7; The change in the p roportion  seropositive  o f  selected  age groups which are fo l 

low ed through time and, hence age, across the series o f  horizontal age-serological 
profiles show n in Fig. 5 .4  fo r  a) A /B el/1 /81 and  b) A /H K /68 The num bers ad jacen t to 

the lines representing the changes in proportion  seropositive are the age- and tim e-de- 

pendent fo rces  o f  infection fo r  each ’ cohort' during each time period  defined  p e r  year. 

The fo rces  o f  infection were determ ined  using equation (5.3). The upper o f  the two 

starred lines represents the age group w h ich  w as 5-8 years o ld  in the f ir s t  year  o f  sera  

collection. The lower o f  the two starred  lines is fo r  infants <1 year o ld  in the sam e year. 

In  graph (b) the line shown w ith  a cross is the 9-14 year o ld  group (no F O T s are show n  

fo r  this group).
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Table 5.2. Estimates of the age-dependant forces of infection (FOI) from all sources of 
serological data. Estimates were made utilising equation (5.3) from the text.

Strain of Influenza Age FOI (year'1)
-------------------- .»

Ro
A B

A/HK/68 <1 0.0 0.108 19.8
1-4 0.182 0.177
5-9 0.099 0.204
10-14 0.299 0.269
15-44 0.323 0.265
45-64 - 0.200
65+ - 0.491

A/Eng/333/80 <1 0.0 - 8.7
1-4 0.102 -
5-9 0.097 -

A/Bel/1/81 <1 - 0.0 8.5
1-4 - 0.190
5-9 - 0.222
10-14 - 0.115
15-44 - 0.064
45-64 - 0.025
65+ - 0.141

A = virus strain at approximate equilibrium in the population.

B = virus strain incident in that year (1969 for A/HK/68 and 1979 for A/Bel/1/81). 

* Estimated from equation 6.18, using average forces of infection from this table.
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a)

b)

Average Age 

of acquisition 

of infection

c)

Year of test.

Figure 5.8; The changes in the average age o f  infection fo r  the three strains a) AIBel/1181, 
b) AIEng/333/80 and  c) A lH ong K ongl68 over the years o f  the study. Two average ages 

are show n; the f ir s t  is calculated, as described in the text, using the 65+ age group (the 

cross-hatched bars); and  the second  ignores this age group (diagonally hatched bars). 

The actual value probably  lies som ew here betw een the two.
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proximately 0.2 year'1. This value is in general agreement with the age-dependant forces of 

infection listed in Table 5.2.

It is, therefore, possible to conclude that the age-dependent forces of infection are in

creasing continuously after the initial year of incidence for each strain.

A summary of the estimates of the forces of infection is given in table 5.2.

5.8. Average Age at First Infection.

By considering the serological profiles for the years in which the strains (where applic

able) were incident, it is possible to determine the average age at which individuals became 

seropositive. This can be done simply by calculating the weighted mean age of seroconver

sion for a specific year.

If this is done for the years following the appearance of the virus strain, it is possible to 

get an indication of the transmission dynamics of the strain in terms of age classes. From 

Fig 5.10 it can be seen that the average age of seroconversion remains relatively constant 

through time for both A/Eng/333/80 and A/Hong Kong/68, but appears to be rising over 

time in the case of A/Bel/1/81. It is important to note, in terms of the actual age of infection 

(or seroconversion), that the inclusion, or not, of the oldest age group (65+ years old) con

siderably affects the magnitude of this value. Since there is reason to believe that there is 

some over reporting in this age group (as discussed earlier) values including, and ignoring, 

this age group are given in Table 5.2. It is assumed that the actual value lies somewhere be

tween the two.

5.9. Evidence of Cross-Immunity between Strains.

5.9.1. Introduction.

Some mention has been made of the potential cross-reactivity of some of the antibodies 

present in the serum of the individuals tested. To determine whether any relationship is pres

ent the data are considered in terms of exposure to combinations of antigenic strains of in

fluenza A. As mentioned previously, because of the possible element of cross reactivity in 

the test for the presence of antibody specific to one strain, the presence of antibody does not 

necessarily indicate previous exposure to infection. Some individuals, therefore, will not
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have been infected with a subsequent strain as a consequence of possessing protective anti

bodies to an earlier strain. However, it is possible to measure the number of individuals with 

antibody directed against more than one strain.

Individuals who appear to be positive to more than one strain could possess these anti

bodies for any one of three reasons. Infection with one strain could produce antibodies which 

are cross reactive with another strain, antibody generated by an early strain might confer im

munity to the second strain, and thus be detected in the test, or an individual could have been 

infected by both strains consecutively. Obviously, the first two scenarios may be in fact the 

same, and it is this possibility that requires further analysis.

One hypothesis to test whether ’double-positives ’ occur due to cross reactivity or through 

the effect of cross immunity is as follows. By determining the number of individuals that 

could be expected to be positive to two strains (have been infected with both strains), on the 

assumption that no cross-immunity occurs, it is possible to compare the observed results 

from serological analysis with these expected results. If the observed number of double-posi

tives equals that of the expected number, it can be assumed that these double positives are 

indeed due to infection with two strains. If, however, the number of observed double-posi

tive individuals is greater than the expected number, this is indicative of the antibody being 

present in more individuals than have actually been infected with both strains of the virus. 

This situation indicates that cross reactivity is occurring in the serological screening proce

dure. If the observed number of double positive individuals is less than the expected num

ber, it can be assumed that there are less individuals with antibody to both strains than would 

have been expected to be exposed to both strains. Thus, the presence of antibody to an early 

strain has prevented infection with a second, antigenically similar strain. This implies that 

the same antibodies are causing immunity against both virus strains.

In this method of determination, two factors must be taken into account. First, the results 

rely heavily on the reliability of the calculated expected number of double-positive individ

uals. Also, there is a strong possibility that antibodies which are cross reactive are also pro

tective against challenge from either of the strains for which they give a seropositive result.
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5.9.2. Method.

If all three strains of influenza virus which are under study are considered, there are three 

possible two-way interactions. Individuals can be double-positive to A/Eng/333/80 and 

A/Hong Kong/68; A/Eng/333/80 and A/Bel/1/81; or A/Hong Kong/68 and A/Bel/1/81.

For ease of analysis the data are displayed in the form of three two-way tables for each 

year (Tables 5.3 (a), (b) and (c) show the data for 1989). From two-way tables of this sort 

the expected frequencies for each cell of the table can be calculated (based on the null hy

pothesis of independance) and compared with the observed frequencies. To compute the ex

pected frequencies for a cell in any two-way table, the sum of the row which contains the 

cell is multiplied by the sum of the column, and the product is divided by the overall total. 

It must be noted that any test of independance between the expected and observed values 

can only test whether or not these values are manifested independantly, and not whether they 

occur in any given proportion.

By constructing three two-way tables for the various scenarios it is possible to determine 

values for the goodness of fit of the observed cell frequencies to their expectations. These

Table 5.3. Two-way tables for the year 1989 for all strains showing observed frequen
cies, sums of columns and rows, and the sum of the chi-squares for each table. All other 
years of the study demonstrated similar patterns, as shown in Table 5.4.

HK+ HK-

Bel + 288 3 291 £X2=43.0
Bel- 140 29 169

428 32 460

HK+ HK-

Eng+ 325 10 335 EX2=30.0

Eng- 103 22 125
428 32 460

Eng+ Eng-

Bel+ 232 59 291 £X2=19.1

Bel- 103 66 169
335 125 460

N.B. There are 21 individuals who are negative to all three strains.
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Table 5.4 Sum of Chi-squares for years 1985,1987,1988 and 1989, for all strains of the 
influenza A virus tested.

Year Strains Chi-squared value
1989 Bel vs. HK 43.0

Eng vs. HK 30.0
Bel vs. Eng 19.1

1988 Bel vs. HK 48.3
Eng vs. HK 24.3
Bel vs. Eng 14.5

1987 Bel vs. HK 52.1
Eng vs. HK 28.1
Bel vs. Eng 27.3

1985 Bel vs. HK 75.2
Eng vs. HK 68.4
Bel vs. Eng 60.3

values are determined assuming a null hypothesis of no cross-immunity between strains and 

the chi-square test of independance.

5.9.3. Results.

From Table 5.3 it can be seen that there is a significant difference between the observed 

and expected values for all three strains tested for in 1989. The data shows that in each case 

there were greater numbers of observed double-positive individuals than expected, which 

indicates evidence of cross reactivity in the diagnostic test. It can be see from Table 5.3 that 

the cells showing most discrepancy are those for the double-negative individuals. This is 

due to there being less individuals in these cells than expected, which confirms the theory 

indicating cross-reactivity in the serological test. These values are shown for the 1989 data 

set, but all other years showed a similar pattern. However, before these analyses are inter

preted as suggesting that the ELISA tests are of no value, it must be remembered that these 

cross-reactive antibodies could, themselves, lead to a protective response. It is interesting to
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note that after 1981 (the year of introduction for A/Bel/1/81) the Chi squared values always 

retain the same ranking (see Table 5.4), with the A/Hong Kong/68 and A/Bel/1/81 strain 

value greater than the other two. Both these strains are of the H3N2 subtype, whereas 

A/Eng/333/80 is H1N1. This indicates that whatever reason is behind the cross reactivity, it 

is consistently stronger for A/Bel/1/81 interacting with A/Hong Kong/68 than for any other 

combination.

5.10. Discussion.

Age-serological profiles constructed from horizontal, cross-sectional serological data, 

have depicted the distribution of immunity to three separate strains of influenza A in the 

South Yorkshire area. The differences in the rate of acquisition are clear and to a large ex

tent reflect the relative transmission potentials and, therefore, the innate infectiousness of 

the three strains.

The rapid increase in seropositivity with age, and the maintenance of high levels of im

munity throughout the adult age classes seen for the strains, suggests that after initial epide

mics, the strains are endemic within the community. The patterns in the age-serological 

profiles are similar to those seen for the common childhood diseases (mumps and measles) 

in developed and developing countries (Nokes et al. (1989) Cox (1990) for mumps, and An

derson and May (1983b) and (1985) and McLean and Anderson (1988) for measles). The 

patterns seen for Bel/1/81 indicate that the virus was first epidemic in the early part of 1980 

and remained circulating in the population thereafter. These same patterns are evident for 

the A/Hong Kong/68 strain from 1969 onwards. The variability, with age, in levels of im

munity for the A/Eng/333/80 strain suggests a semi-cyclic temporal change in the rate of 

transmission of the virus (ie recurrent or sporadic epidemics). It is useful to note, at this stage, 

that both the A/Hong Kong/68 and A/Eng/333/80 strains are of the HINI subtype, where

as the A/Bel/1/81 strain is of the H3H2 subtype. The ramifications of this are discussed in 

detail in chapter 7.

The apparent endemicity of the strains after initial occurrence is very surprising, con

sidering that no record of illness during the off-season months is recorded (Glezen,W.P. 

(1980)), and that after the initial epidemics, no significant number of case notifications are 

recorded (see chapter 3). One explanation is that the results observed reflect a lack of spe
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cificity in the antigen (described in chapter 4). However, this explanation does not account 

for the epidemic appearance of the A/Bel/1/81 strain, nor does it seem likely in the light of 

the purification process that was employed to obtain the antigen.

The likely transmission dynamics of each virus strain within the population has been 

used to help explain observed trends with age in mean specific antibody concentrations. High 

rates of re-exposure to the viruses, particularly in the younger age classes (circa 15 years 

old) but most likely throughout all age classes, may explain why no decay in mean antibody 

levels was observed as individuals age. These stable mean levels of antibody seen throughout 

the age classes are unlike those seen for rubella (Nokes et al. (1986)), and may well result 

from regular re-exposure, since no lessening of the infection in the younger age classes is 

observed (which indicates significant levels of the virus in the community). The recurring 

epidemic character of the A/Eng/333/80 strain in particular complicates the interpretation of 

age-related changes in antibody concentrations; during an epidemic a proportion of all ages 

may be infected over a short interval of time.

Using the catalytic infection model it was possible to estimate the forces of infection for 

the two strains considered to be approaching equilibrium, A/Hong Kong/68 and A/Eng/1/81, 

from the 1989 data set. Under this assumption the estimated forces of infection are only 

determined for those age groups for which the force of infection value can be considered 

over the time period in question. The age-specific forces of infection for the A/Hong Kong/68 

strain of influenza appear to be highest in the 15-20 year age group, although there are not 

many conclusions which can be drawn about the pattern of transmission with respect to age 

from these values, since it is not possible to estimate any forces of infection for the older age 

groups which have not been exposed to the virus strain for the whole of their lives.

From direct measurement of the proportion of the population which expresses antibody 

to a specific virus strain which is acting on a naive population it is possible to determine the 

age-dependant forces of infection for a particular strain in that season. This has been done 

for the strains A/Hong Kong/68 and A/Bel/1/81; it is possible to compare the pattern of the 

age specific forces of infection for A/Hong Kong/68 (Fig. 5.6(b)) with the patterns of infec

tion found during the analysis of the case notification data (Fig. 3.6). Both patterns of infec

tion show a peak around 20 years of age, followed by a high level of ’infectivity’ in the 654- 

age group. This apparent rise in the transmission rate may be due to an increase in the pro
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portion of this age group which is susceptible to infection (possibly caused by a gradual loss 

of immunity through time and hence age). However, the same effect can occur due to a bias 

in reporting in this age group, leading to an excess of cases being reported compared to the 

number of individuals in the group. It is probably a combination of both effects which leads 

to the observed pattern. There is a different pattern observed in the case of the A/Bel/1/81 

strain (Fig 5.6(b)), which shows a higher force of infection in younger individuals, followed 

by a gradual increase through age. Estimates for the A/Hong Kong/68 strain (Fig. 5.6(a)) 

agree well with the estimates from the endemic situation (Table 5.2).

The two strains for which the change in incidence can be followed by a series of cross 

sections from the population are A/Hong Kong/68 and A/Bel/1/81. It can be seen that there 

is a distinct difference between the age groups <1 year and 5-8 years for both the A/Hong 

Kong/68 strain and the A/Bel/81 strain. However, this difference remains essentially the 

same through time, although the values of both age dependent forces of infection change 

through time. It is, therefore, possible to conclude that the force of infection increases con

tinuously after the initial year of incidence for each strain in all the age classes that were ana

lysed.

Thus, force of infection estimates obtained from the various approaches described in this 

chapter demonstrate age-dependency in transmission rates. The high estimate for the 15-20 

year old age group can be contrasted with the lower estimates in the young, which suggests 

that the rates of mixing of individuals within age groups is far from homogeneous.

An essential aspect of further studies of this sort must be the acquisition of sera sets with 

finer age-stratifications in the younger age groups (most notably for the 0-10 year old range). 

This would enable a more thorough analysis to be performed, with the potential to deter

mine precisely the changes in the force of infection in a population through age (as deter

mined from age-stratified serology). Essential data can be gathered by following a cohort of 

individuals, with respect to their acquisition of immunity against specific virus strains, 

through the course of their lives. It is then possible to determine exact changes in the force 

of infection of a virus, in an individual, through time. Data of this sort gives a more accur

ate representation of the acquisition of immunity in a population than several consecutive 

studies performed on different cohorts of individuals, as detailed here.
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The average ages of infection for the various strains (estimated from the proportion of 

each age group seropositive to each strain) is consistent with those recorded in other studies 

(see Table 3. l).From Fig 5.10 it can be seen that the average age of seroconversion remains 

relatively constant for both A/Eng/333/80 and A/Hong Kong/68, but is rising through time 

in the case of A/Bel/1/81. In all cases the average age of seroconversion lies between 20 and 

30.

There is a significant difference between the observed and expected values for all three 

strains tested for cross reactivity, where the expected values are calculated assuming that 

there is no cross-immunity between strains of the same virus. In each case there were greater 

numbers of observed double-positive individuals than expected, which provides evidence 

of cross reactivity in the serological test employed. These values were recorded from the 

1989 data set, and all other years showed a similar trend. It must be remembered that these 

cross-reactive antibodies could, themselves, lead to a protective response. Whatever reason 

is behind the cross reactivity, it is consistently stronger for A/Bel/1/81 interacting with 

A/Hong Kong/68 than with any other combination. As has been discussed in chapter 4, con

siderable precautions were taken to avoid cross-reactivity occurring in the serological test, 

with purification of the antigen and the exhaustive optimisation of the ELISA procedure. 

However, it is possible that the results observed here are due to cross-reactivity occurring, 

and are thus not entirely indicative of a true result, although this in turn might indicate cross- 

immunity. The analysis of these results do, however, rule out the possibility that infection 

with one strain might lead to an individual being more susceptible to infection with a sec

ond, similar strain, and thus being in some way predisposed to infection from other similar 

strains of the same virus.

Values for the basic reproductive rate can be estimated from the data presented in this 

chapter. It was shown in Table 5.2 that whereas two strains of influenza, A/Eng/333/80 and 

A/Bel/1/81, had Ro values of between 8 and 9, the A/Hong Kong/68 strain had a value of 

approximately 20. Although no explanation can be offered for this disparity in magnitude 

between the strains, it is interesting to note that the A/Hong Kong/68 strain appears to have 

been circulating for longer than the other two by some 10 years. The long term persistence 

of this strain may be a consequence of its higher reproductive potential.
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For infection with the influenza virus, as with predominantly childhood viral infections, 

it has long been considered that the degree of mixing between individuals, within and be

tween age classes, plays a crucial role in the net rate of transmission of each strain within 

the population (Glezen (1980) and Anderson and May (1985)). The results from both the 

case notification studies in chapter 3 and those from the serological investigation conducted 

here show a significant age-dependant variation in the rate of transmission of the virus. As 

a consequence of this the model used in chapter 6 represents an age-structured population.
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Chapter Six: A Model with Heterogenous mixing with respect to age.

6.1. The Model.

In this chapter the model described in chapter 2 is considered with age-structuring of the 

population. This is done by extending the model to include an age-related component, thus 

producing a set of partial differential equations which describe the flow of individuals be

tween the various classes with respect to time and age. This is done to allow the observed 

heterogeneity in the forces of infection between age groups to be investigated in a numeri

cal manner. In this way it should be possible to determine whether the general patterns of 

infection observed are reflected by the numerical analysis of this model.

6.1.1. Introduction to the Partial Differential Equation Model.

The following are the partial differential equations describing the rates at which individ

uals move from one class to another.

8X/8a+8X/8t = -(|i(a)+^l(a,t)+^'2(a,t))X(a,t) (6.1)

8Yi/8a+8Yi/8t = >.i(a,t)X(a,t)-(|X(a)+yi)Yi(att) (6.1)

8Zi/8a+8Zi/8t = (l-a)yiYi(a,t)-(|l(a)+^j(a,t))Zi(a,t) (6.3)

8Vi/8a+8Vi/8t = ki(a,oZj(a,t)-(P(a)-^)Vi(a,t) (6.4)

8W/8a+8W/8t = oyi Y i(a,t)+cyy2Y2(a,t)+Yl V l(a,t)+Y2V2(a,t)-|i(a)W(a,t) (6.5)

The total population size, N, is expressed thus;

N(a,t) = X(a,t) + Y i(a,t) + Zi(a,t) + V l(a,t)+ Y2(a,t) + Z2(a,t) + V2(a,t) + W(a,t) 

The dynamics of the total population are:

8N/8a + 8N/8t = -p(a)N(a,t)

The boundary conditions for X, Yi, Zi, Vi and W are as follows;
,<A

- pX(0,0 = / |i(a)N(a,t) da
o
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Yi(0,t) = Zi(o,t) = Vi(0,t) = W(0,t) = 0

That is to say that all newborns are susceptible to infection from either strain (1 or 2). 

Throughout the above equations i = 1 or 2, where j is the opposite (i.e. 2 or 1) and the value 

for a lies between 0 and 1. In addition, the initial conditions for X(a,t) etc. are assumed to 

be known for time to (i.e. the starting age distribution).

The compartmental diagram for the system is shown in Fig. 2.2, which is equivalent to 

the non age-structured model described in chapter 2.

6.1.2. Parameters Involved in the Model.

(a) The Proportionality Constant.

The function Pi(a,a’) is exactly analogous to the constant (3 i described in section

2.2.2. a, with the exception that it is dependant on the ages of both the susceptible and infec

tious individuals. Therefore pi(a,a’) is determined by the degree of contact between suscep

tible individuals of age a and infectious individuals of age a’, and the likelihood of a suscep

tible individual acquiring infection from an infectious individual.

As with many similar studies (Anderson and May (1984) for example) the constant of 

proportionality is incorporated into the model by dividing a lifetime into a number of dis

crete age classes and assuming that for susceptible individuals in the k1*1 age class, and in

fectious individuals in the m1*1 age class, Pi(a,a’) is a constant with the value Pkm. There

fore Pi(a,a’) can be represented by a matrix of constants [pikm] which is called the ’who ac

quires infection from whom’ or WAIFW matrix. The components of this matrix are too com

plex to measure directly, but by using the above definition of the force of infection it is 

possible to estimate values of pikm by an indirect method (Anderson and May (1984)). The 

estimated forces of infection are used to generate equilibrium age distributions for each of 

the five age classes in the model. From the age distribution for the infectious (Y) class, the 

total number of infectious individuals in each age class (Yk) is calculated. The total popula

tion N is estimated from demographic tables. Because the WAIFW matrix only contains n 

different pkm’s the set of linear equations (6.1)-(6.5) can be solved for the n different pi’s. 

Appendix C shows the WAIFW matrices used in this study.
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(b) The Force of Infection (FOI).

The force of infection Xi(a,t) plays a major part in disease dynamics since it governs 

exactly the rate at which new cases are generated. The force of infection is defined as ’the 

rate at which a susceptible individual acquires infection’ for each virus strain.

It is this force of infection which characterises the model as outlined in section 2.1, and 

the importance of the relationship between the force of infection and the size of the suscep

tible population cannot be understated. This relationship has been defined in the following 

way for this study, assuming A,i(a,t) is constant over the age ranges determined in the defini

tion of pi(a,a’);

Xik(t) — £mk=l Pik(Yik(t)+Vik(t))

Where Yik(t) =y v  ik(a\t) da’; and Vik(t) =J 'v to fa 'X )  da’

(6.6)

In this classical age-structured deterministic model (see also Kermack and McKendrick 

(1927) and Bailey (1975)) X, Y, V and N represent the densities of the susceptible, the two 

infectious and the total populations respectively (as defined earlier). In this case the sub

populations which are immune to one strain only are considered to be susceptible to all in

tents and purposes when dealing with the second strain, if cross-immunity occurs a 

proportion (dependant on the value of the cross-immunity coefficient) of the individuals in

fected become immune to both strains, and move directly to the W sub-population. It is as

sumed that individuals convert from the susceptible to the infected classes at a rate 

proportional to the product of the density of susceptible and infectious individuals (i.e. as

suming strong homogeneous mixing). Age-dependant principles deal in numbers of individ

uals and therefore it is necessary to use numerically defined sub-populations in any 

simulations, as opposed to proportions of the whole population as used in chapter 2.

The forces of infection can be estimated from serological data by the catalytic infection 

model described in chapter 5. Once age dependant values for X[ have been determined it is 

possible to construct an age-structured population at equilibrium for which the (3ikm values 

can be determined by solving the matrix of simultaneous equations outlined above in the de
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scription of the force of infection (Anderson and May (1984)). All values for the age-de

pendent forces of infection are measured per year.

(c) The Cross-immunity Coefficient.

The cross-immunity coefficient used in this age-structured model is identical to that de

scribed in chapter 2 for the non age-structured model. Thus it represents the ratio of the num

ber of individuals infected with one strain of the virus to the number of individuals infected 

by the other. Values for this parameter are estimated in the same method as that described 

in chapter 2.

(d) The Recovery Rate.

The recovery rate is determined from the reciprocal of the infectious period (in days) 

and in this study is given the value of 0.166 day"1 (assuming an average infectious period 

of 6 days).

(e) The Mortality Rate.

It is assumed that mortality is constant for the analysis of the non age-dependant model, 

and is thus the reciprocal of the average life expectancy, taken to be 75 years, giving a value 

of 0.013 year"1 for ji. In this chapter, where the population is age-structured, an age-depend

ant step function is used to represent the mortality rate. The step function leads to a ’type II’ 

survival curve, such that all individuals live to the age of 75, and then all individuals die. 

This type of function is considered to be realistic for the population of a developed country 

(Anderson and May (1983a)).

6.2. Equilibrium Properties of the Age-structured Model.

The full partial differential equation model is too complex to be treated analytically, and 

because of this its solution is investigated numerically (see section 6.4.). However computer 

simulations of this type give limited insights into the models behaviour. The analytical treat

ment of a simplified version gives very useful information, which can often be overlooked 

by those unfamiliar with a model’s characteristics. The results of such an analysis are com
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plimentary to those obtained from numerical treatment, and can present various properties 

of the model’s behaviour in easily understood formulae.

In order to simplify equations (6.1)-(6.5) it is assumed that over a long period of time 

the force of infection tends to a constant, and the numerical structure of the population is at 

equilibrium. Thus the model becomes a set of ordinary differential equations, describing the 

constant age distribution. Under this assumption, that Xi(a,t) and |i(a) are constant over 

given age ranges, the equilibrium values of the partial differential equations are found by 

setting all time derivations to zero. This then gives us the following expressions for the equili

brium age distributions of individuals in each of the various classes in terms of the parame

ters;

dx/da = -(M.(a)+X,i+X,2)X(a) (6.7)

dyi/da = A,iX(a)-( (̂a)+7i)Yi(a) (6.8)

dzi/da = (l-o>yiYi-(ma)+Xj)Zi(a) (6.9)

dvi/da = taZj(a)-(M.(a)+7i)Vi(a) (6.10)

dW/da = cyiY l(a)+072Y2(a)-FyiV i(a)+Y2V2(a)-|i(a)W(a) (6.11)

dN/da = -|l(a)N(a)

In this case the force of infection is taken to be:

= pi f  [Yi(a)+Vi(a)]da (6.12)
''o

Following Anderson and May (1983) we can solve these equations (see also Dietz (1975) 

or Bailey (1975)) thus:

yf \ *

X(a) = N(0)exp(-(A,i+A,2)a- / H(s)ds) (6.13)

r  0N(a) = N(0)exp(- / p(s)ds)
* 0

For simplicity only the results for the susceptible and total populations are shown.

To successfully consider the theory behind the derivation of expressions for the repro

ductive rate of the virus, Ro, and the average age at first infection (a), with two types of sur



- 156-

vival function (types I and II as considered in chapters 2 and 6 respectively), it is necessary 

to introduce a set of ’starred’ variables and the function <b(a), such that

O(a) = exp(- j  }X(s)ds) (6.14)
J o

and therefore

X(a) = X*(a)0(a)

and N(a) = N*(a)<E>(a)

This is done so that terms involving p,(a) are no longer present (since they are incorpor

ated in the general survival term d>(a)), enabling simple equations to represent both X(a) and 

N(a) in the following analytical solutions, and still allow relatively complex expressions to 

represent the survival functions under consideration, giving the following expressions for 

the population components;

X(a) = N(0) exp[-(Xi+to)a]0(a) (6.15)

N(a) = N(0)d>(a)

If, as before, we consider the population of susceptible individuals as a fraction of the 

total population we have the following;

x(a) = X(a)/N(a)

which, by simple division, gives us

Xl(s)+ta(s)) ds. (6.16)
u

Therefore, the fraction of the population susceptible to the influenza virus is determined 

by the sum of the individual forces of infection for each strain of virus. Using these general 

terms for X and N outlined above it is possible to consider expressions for the basic repro

ductive rate, Ro (as defined in section 6.3.), and the average age at first infection, A. These 

are dealt with in the next section.
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6 3 . Derivation of useful expressions.

In this section expressions are for the hypothetical situation where two strains of the same 

virus co-exist in an endemic equilibrium. Thus the expressions derived have theoretical 

meaning only, although it is possible that this situation could occur. However, due to the 

epidemic nature of the influenza virus it is far too complex to derive expressions for the more 

realistic situation where the strains only co-exist for a very short time period, during which 

time the various components of the population are continuously changing. However, these 

expressions do give an indication of the relationship between various parameters involved 

in the transmission of two co-existing strains.

The two expressions that are derived in this section are those for the basic reproductive 

rate, Ro, and the average age at first infection, A of a virus when two strains co-exist at an 

endemic equilibrium.

6.3.1 The Basic Reproductive Rate.

The concept of the basic reproductive rate (Ro) was introduced in chapter 2, where vari

ous defintions were proposed for the three scenarios which are observed for co-existing virus 

strains. In this chapter, due to the complexities of the model under consideration, only the 

situation where two strains co-exist to give an overall basic reproductive rate (Ro’) for the 

virus is considered. The argument follows that of Anderson and May (1983) for a single 

strain at an endemic equilibrium, but is enlarged to consider two strains whic co-exist.

It is possible to obtain the total number of individuals in any one class, by aggregating 

over all ages:

If we consider equations X and N (as expressed above in terms of <I>(a)), by simple in

tegration expressions can be derived for the total number of individuals in the two classes 

at equilibrium, which are;

(6.17)
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and,
<P

N = N(0) ,/  0(a)da 
u O

Having determined the expressions for the total numbers of individuals in both the in

fected population and for the total population it is possible to consider the two different types 

of survival function; type I and type n.

(a) Type I survival.

For type I survival it is assumed that the mortality rate |i is a constant for all ages, which 

can be represented;

[1=1 fL

where L is the average life expectancy of the population (assumed to be 75 in this study) 

as described for chapter 2.

Type I survival produces the following expression for O;

<X> = exp(-|ia)

which, following Anderson and May (1983), and integrating, leads to the expressions

X = N(0)

X \+ X 2 + \ l

N = N(0)

Considering the population in terms of fractions, such that 

7 =  X/N,
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an expression can be derived for the net fraction susceptible in the population at equili

brium thus;

x= |X 

Qi+Xl+ta)

This gives an expression for the susceptible proportion of the population which differs 

only slightly from that described by Anderson and May (1983) for a single strain, and deter

mines that with a constant mortality rate for all ages, x is inversely proportional to the sum 

of the separate forces of infection for each strain, and hence

R o ’ =  1+ [(^ i+ X 2)/|x] (6 .18)

(b) Type II survival.

For type II survival, which is a more realistic ’step’ function (that is all individuals live 

until age L and then die), the following expressions hold true;

X = N(0). l-exp[-(Xi+A,2)L]

X1+X2

N = N(0)L 

and hence

x = l-exp[-(A,i+^2)L]

A,l+A,2

which gives

Ro’ = ( X \+ X 2 ) h

l-exp[-(Xi+^2)L]
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and

Ro’ = (L/A) (6.19)

[l-exp(-L/A)]

This gives us an identical result as that obtained by Anderson and May (1983) using only 

a single strain and hence a single force of infection. It shows that the basic reproductive rate 

can be determined from simply the life expectancy (L) and the average age of infection (A) 

which is derived for two strains in the next section.

6.3.2. Average Age at Infection (A).

As shown earlier, Ro is dependent (by definition) on L and A, not directly on variations 

in X, p,, y, or a, therefore it is more relevant to determine the changes in A, unless looking 

at derivations from the ordinary differential equation system.

By following similar studies on single strain dynamics (Anderson and May (1991)), it 

is possible derive an expression for A from equation (6.18), if it is assumed that the force of 

infection is constant, such that

If a term is now introduced which represents the ’probability density function’ for the 

age distribution of infected individuals, g(a), where

g(a) =x(a/A

A
0

which gives, by substitution with partial integration to the numerator;

(6.20)
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Then, the average force of infection can be expressed;

r *Xl+ \ 2  = / (Xl(a)+X2(a))g(a) da
^ o

Vi

(X,i(a)+ 2̂(a))x(a) da 

A

= 1/A

Therefore the average forces of infection, combined, are equal to the reciprocal of the 

mean age of infection:

A = 1 (6.21)

X.1+X.2

6.4. Numerical analysis.

Using a step length of one week (for a simulation of twenty years) or one day (for a run 

length of one year), Euler’s method is used to solve the equations (6. l)-(6.5) along the char

acteristic lines t = a + constant. The initial conditions are set by allowing the system to reach 

an equilibrium and then calculating the age-dependant forces of infection that are defined 

by the base-line parameter set. After the equilibrium solutions have been found the elements 

of the WAIFW matrix are calculated by the method described in section 6.5.2(a). After the 

WAIFW matrix has been calculated, in all subsequent steps it is used to determine the forces 

of infection. This can be done using equation (6.6) with the vector describing the number of 

cases by age at the last time step.

The estimates of the rates of infection derived from serological data (chapter 5) show a 

basic convex shape as age increases. The force of infection is low in the young children (0- 

4 years of age) and early adult (15+ years of age) classes (Table 5.2). However, each method 

of estimation of the forces of infection, either case notification or serological, gives con

siderably varying patterns within the basic convex shape, with varying magnitudes. If an 

average ’base-line’ force of infection is estimated for each age group from all sources it is 

possible to use these values in the numerical analysis of the age-structured model described
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earlier. These ’average’ values for the age dependant forces of infection are shown in Table 

6.1(b).

When these values, and the other parameters as shown in Table 6.1, are used in the age- 

structured model the epidemic generated can be considered in terms of age and time. The 

course of the two strains through the population can be seen in Figs. 6.1 and 6.2. This shows 

the same pattern of epidemics as that generated by the age-independent model described in 

chapter 2. One virus strain is predominant, causing more cases in a shorter time span than 

the other strain, which lasts longer but produces less cases. From Fig 6.1 it can be seen that 

the age-structure of the epidemic is much as would be expected, with younger age groups 

(less than 15 years old) being affected more by both strains than the older age groups (greater 

than 15 years old).

Table 6.1(a);The base-line parameters used in the numerical analysis of the age-smio 
tured model. The recovery rate is held constant for both strains, as in chapter 2.

Parameter Symbol Value
Time Step t 1 week
Death rate 1.3x10-2 year-1
Recovery Rate Ti 0.166 day-1
Age-dependant FOI A,i See table 6.1(b)
Cross-immunity Coefficient a 0.25

Table 6.1(b): Age dependent forces of infection used in the numerical analysis of the 
model. All values are based on the average values of those age dependent values 
shown in Table 5.2

Age group (Years) Force of infection estimates (Xi) (year-1)

(Strain 1) (Strain 2)
1-5 0.055 0.110
6-10 0.045 0.100
11-15 0.037 0.075
16-55 0.027 0.035
56-75 0.000 0.000
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T i m e  ( W e e k s ) .

Figure 6 .1; The proportion  o f  the popu la tion  infected  by the two strains o f  the virus show 
ing the tim e scale o f  the epidem ic. The top graph show s the cases generated by infection  

with virus stra in  Y, and  the low er graph show s the cases generated by infection w ith  
strain V. The param eter values are deta iled  in  Table 6.1.

F igure 6 .2; The proportion  o f  the popula tion  in fected  by the tw o strains o f  the virus show 

ing the age structure o f  the population. The top graph show s the proportion o f  the p o p u 

lation in fected  by strain Y, a n d  the low er graph the proportion  in fected  w ith stra in  V. 

The param eter values are detailed  in Table 6.1.
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It is also possible to construct a * serological’ surface showing the proportion of the popu

lation which has been exposed to the virus (Fig 6.3). Similar surfaces can be constructed to 

show immunity to each strain of the virus, which are identical in shape to the overall sero

logical surface, but of a lesser magnitude. The most striking aspect of this surface is the ex

treme proportion of the population which becomes immediately immune to the virus. 

Approximately 75% of all individuals under the age of 15 are immune to infection after the 

initial epidemics.

This situation changes through time in a predictable manner. The immune individuals 

move through the age classes as time passes, and are replaced by susceptible individuals in 

the less than 1 year age group (ie new-born individuals). This is clearly shown in Fig 6.4 

which shows the proportion of susceptible individuals increasing through time. This propor

tion reaches the threshold level, which would allow a virus to cause a new epidemic, only 

after such a long period of time that the virus strains are no longer maintained in the com

munity. Therefore the model predicts that after one ’boom and bust’ season, or epidemic,

Proportion o f

Population

Immune.

A ge (Years).

Figure 6.3; The proportion  o f  the popu la tion  immune to both strains o f  the virus, show ing  

the age structure and  progression  through time. The param eter values are deta iled  in 

Table 6.1.



- 165-

the virus strain is unable to cause a second epidemic. The overall decline in the proportion 

of the total population immune to the strains of the virus can be seen in Fig 6.5 which shows 

in the change in the immune proportions through time.

From further numerical analysis it appears that only forces of infection which are sev

eral orders of magnitude lower than any of those observed in serological or case notification 

studies are able to generate a situation where the virus strains reach an endemic equilibrium 

in the population. This is also possible when the initial populations are set at levels which 

are never observed in the epidemiological survey (see chapter 5), namely when the propor

tion of immune individuals in the population is twice as large as that of susceptible individ

uals.

Proportion o f

Population

Susceptible.

A ge (Years).

F igure 6.4; The proportion o f  the popu la tion  susceptible to both strains o f  the virus, show 
ing the age structure and  progression  through time. The param eter values are deta iled  

in Table 6.1.
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Proportion o f

Population

Immune.

T im e (Years).

F igure 6 5 ;  The proportion o f  the popu la tion  im m une to the stra ins o f  the virus. The top line  

show s the proportion  o f  the popula tion  im m une to both  strains, the m iddle line show s  
the proportion  im m une to stra in  Y, the low er line show s that proportion im m une to V. 
The p aram eter values are deta iled  in  Table 6.1.

P roportion o f

P opulation

Im m une.

q  T n » c i

A ge (Years).

F igure 6.6; The effect on d ifferent types o f  m ixing betw een infectious and  susceptib le indi

viduals on the age structure o f  the im m une proportion  o f  the population. The top line  

show s the m atrix w ith configuration A , the m iddle line configuration B  and  the low er  
line configuration C  (see text f o r  details). The param eter values are deta iled  in  Table

6. 1.
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Table 6.2; Observed and Predicted values for the Basic Reproductive Rate and Aver
age age at first Infection for two co-existing strains, assuming all parameters are as de
tailed in Table 5.3.

Parameter Observed Predicted
Reproductive Rate* 2 - 4+ 2.4
Average Age (Years) 20-30+ 6++

^Estimated from equation (6.19). 

"‘Data from table 3.1 

"‘“‘Estimated from equation (6.21).

In the preceding analysis the ’who acquires infection from whom’ (WAIFW) matrix is 

that which is considered to be the major route of transmission for many directly transmitted 

viral and bacterial infections, namely within schools (Glezen (1984) and Anderson and May 

(1985)). The configuration of the matrix describes unique transmission coefficients (p) to 

describe intense contact within child age groups, and less intense contact between and with

in other age groups. Given the high observed forces of infection in the 5-10 year-old age 

groups and the 10-15 year-old age groups it seems likely that susceptibles within these groups 

usually acquire infection from infected individuals of their own classes. These notions are 

captured by configuration A of the matrix. However, it is useful to test the sensitivity of the 

model predictions to variation in the contact configuration. Two other matrices are thus also 

considered (see appendix C for all configurations). The three matrices considered A, B and 

C are the only biologically feasible configurations to represent contact. It can be seen that 

the mixing within and between age groups has little effect on the immune status of the popu

lation, possibly due to the rapid transmission of the virus between the human hosts, which 

causes a large number of individuals to become infected over a short time period and hence
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a swift conversion of those individuals to the immune class (Fig 6.6) essentially regardless 

of age.

6.5. Discussion.

The equilibrium analysis of this model, which incorporates an age-structured popula

tion, gives rise to some interesting expressions for the basic reproductive rate of the virus 

(RO), and the average age of infection (A) for the situation where two strains of the virus co

exist. However, both derived expressions have two major deficiencies. First, all steady-state 

analysis of the model assumes that the virus strains co-exist in an endemic equilibrium, which 

has been shown in chapters 3 and 5 to be incorrect for the influenza virus. Second, the final 

expressions for both these epidemiological terms involve parameters which cannot be esti

mated unless the transmission of the individual virus strains throughout a host population 

can be observed in isolation from any other strains of the influenza virus. This constraint is 

impractical and unfeasible at the present time, therefore, although these expressions are in

teresting in purely theoretical terms, they cannot be used in this study to give estimates of 

either the basic reproductive rate (Ro) or the average age of infection (A) for the influenza 

virus when two strains are in co-circulation. They do, however, highlight the need for fur

ther analysis of this sort to be performed both in terms of an epidemic situation, and con

sidering the case where two strains co-exist.

The most interesting aspect to arise from this model is that the number of infected indi

viduals is not sustained for more than one season. Thus, although the susceptible population 

is allowed to increase (due to the recruitment of new-born individuals) the density of in

fected individuals is not sufficient to cause a new epidemic within a time period of at least 

50 years. Therefore, after a time period spanning approximately one generation the popula

tion will once more be entirely susceptible to the viruses which caused the initial epidemic. 

Before this time period elapses, however, herd immunity to that particular strain is virtually 

complete. This is in support of the findings of many workers (Chakraverty (1986), and 

Glezen, Couch and Six (1982) for example) that there are no cases in the off season. The 

numerical analysis of the model also supports the results of chapter 5 that immunity to a par
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ticular strain of the influenza virus is sustained for at lest one generation of the host popula

tion.

Unfortunately, the numerical analysis of this model does not allow a detailed enough 

stratification between age groups (as a result of the manner in which the parameters were 

estimated in the previous chapter) at an early stage in the introduction of the virus strain. It 

would be useful to develop the method of parameter estimation, and numerical analysis, to 

examine the short term (i.e. in terms of days) dynamic interactions between the age groups 

infected with the virus strains.

The numerical analysis of this model shows the importance of the cross-immunity coef

ficient coupled with he age-dependent forces of infection in the production of the typical 

’bi-modal* epidemic curve. It also goes some way to explaining the disparity in results which 

appear between various epidemics, with regards to the size of the epidemic, in terms of a 

previous immunity to the sub-type circulating. One of the problems which is highlighted by 

this model is that associated with the epidemic nature of the influenza virus. It is not within 

the scope of this thesis to derive expressions which represent the introduction of a virus into 

a totally naive population, and as a consequence the estimation of values such as the aver

age age of infection rely upon the theories which have been derived for use with viruses 

which are at an endemic equilibrium. Results thus tend to show some disparity with the ob

served values obtained in chapters 3 and 5. More work of this sort is therefore needed.
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Chapter Seven: Summary Discussion.

In this chapter the theories currently considered to apply to the transmission dynamics 

of the influenza A virus are discussed, and some of the problems that are associated with the 

study of the virus are highlighted. The research described in chapters 1 to 6 is summarised 

and the ideas that have arisen from the various components of this study are discussed in re

lation to the prevailing theories. In doing this, the deficiencies inherent in some aspects of 

the data and its analysis that have become apparent during the course of this work are high

lighted. A variety of new problems are revealed when the results of each chapter are brought 

together, and these provide several different perspectives on the study. Finally, the major 

conclusions of the study are presented and future research needs discussed.

There are currently two main hypotheses to account for the persistence of the influenza 

virus in humans. One theory is that the viruses are maintained entirely in human populations 

by serial transmission from person to person, possibly requiring the annual transfer of the 

virus population between Northern and Southern hemispheres (Longini et al. (1984)), latency 

in some individuals (Hope-Simpson and Golubev (1989)) or periodic antigenic change 

(Webster et al (1982)). The second hypothesis is that the influenza virus cannot be main

tained in human populations alone and that the survival of the virus is dependant upon cir

culation in other mammalian or avian hosts (Andrewes (1942)). To fully understand the 

problems of influenza A persistence, it is crucial to appreciate the seasonality of influenza 

A activity, as outlined in chapter 3, since it is undeniably some seasonal factor which trig

gers the onset of an epidemic with a ’new’ strain. The plausibility of continuous transmission 

through a heterogenous population is supported by the variation in influenza activity be

tween countries in the same hemisphere (Thacker (1986)).

The role of birds and mammals in the influenza cycle has long interested researchers. 

Evidence for interaction between influenza viruses circulating in human and animal popu

lations is strong, although somewhat circumstantial. Laboratory evidence includes isolation 

of viral strains with shared peptide sequences from humans and from swine, equine and avian 

species (Webster et al. (1982) and Kilboume (I960)). It has also been suggested that the mi

gratory habits of birds could explain the emergence of the same virus in different geographic
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locales (Andrewes (1942)). However, the evidence for an essential interaction between hu

mans and other animals for persistence of the influenza virus remains circumstantial.

At various stages in this thesis comparisons have been made between the influenza virus 

and the measles virus, generally with respect to the similarities between the transmission of 

the two strains. The models presented in this thesis assume that transmission of the influen

za virus is by direct contact between infected and susceptible individuals. It is considered 

that this contact, combined with the antigenically diverse nature of the influenza virus, leads 

to its persistence within human populations. However, the epidemiological study of influen

za is somewhat more difficult than that of measles. The viruses of measles and influenza be

long to different branches of the myxoviridae (para- and ortho- respectively). More 

importantly, there are differences in at least two key aspects of the infectious agent-host in

teraction which make the epidemiological study of influenza inherently more complicated 

than that of measles. First, while influenza infection does cause ’typical* disease, similar dis

ease can also be generated by other agents, and many infections are asymptomatic or cause 

non-typically mild disease. Thus, the identification and specific recognition of infection re

quire laboratory assistance and is difficult to achieve except in a small defined population 

under continuous virological surveillance. Second, post influenza infection immunity, be

cause of the continual antigenic change of the virus within human populations, can be con

sidered as solid for no longer than a single epidemic season, since immunity to a strain in 

one season does not necessarily confer immunity on a new strain in the subsequent season. 

While a general decline over time in resistance to reinfection is typical of other respiratory 

myxoviruses (parainfluenza and respiratory syncytial viruses) such a decline is effectively, 

but unpredictably, enhanced by the changing antigenic character of type A influenza virus.

The aim of this study was to determine what role, if any, cross-immunity has in deter

mining the transmission dynamics of co-existing viruses in human populations. In order to 

explore this problem several strains of influenza were studied, both in terms of the notifica

tions of cases of illness, and with respect to the evidence of exposure to the virus as revealed 

by serological studies. As a consequence of similar research by many other workers (Hope- 

Simpson (1979), Glezen (1982), Anderson and May (1985) and Nokes (1990) for example) 

another objective of this study was to determine whether any age-dependant effects were re
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sponsible for some of the longitudinal patterns of infection and incidence observed. It was 

necessary, therefore, to consider both case notifications and serological data in an age-strati

fied manner for both subtypes (and hence various strains) under consideration. This lead to 

the discovery that the force of infection is age-dependant and to the hypothesis that the ap

pearance of the typically bi-modal shape of the epidemics may well be due to the influence 

of cross-immunity between the two strains.

The serological assays were performed on several large sera sets for two main reasons. 

First, to help investigate the epidemiology of co-existing strains, and to determine whether 

cross-immunity is an important determinant of observed epidemiological patterns. Second, 

it enabled parameters to be estimated for use in mathematical models of the transmission dy

namics of the influenza virus. The concepts of cross-immunity and age-dependent rates of 

transmission could thus be explored by way of two mathematical models; a basic model 

which was used to explore the dynamics of the co-existing strains through time, and a more 

complex model, which incorporated age structuring in the population, and hence allowed 

age-dependency of transmission to be considered.

The numerical analysis of the simple non-age-structured model has given some useful 

insights into the dynamics of co-existing strains of the same virus. In terms of the relation

ship between two strains of different infectivity which co-exist, assuming no cross immunity 

occurs, the simple model generates patterns similar to those observed from case notification 

data. However, from Fig. 2.9 it can be seen that the cross-immunity coefficient may well 

have some considerable bearing on the transmission of co-existing strains. In particular the 

simple model suggests that cross-immunity causes an alteration in the behaviour of co-exist

ing strains in terms of the transmission efficiencies of each strain when considered together 

or in isolation (Fig. 2.5). Thus, by introducing an element of cross reactivity between strains, 

competition for susceptible individuals is generated (which causes irregular patterns with 

respect to the reappearance of each strain of the virus (Figs. 2.6 and 2.7)). In terms of the 

time scale which can be imposed on the reappearance of a particular strain of a virus, it has 

been shown (numerically) that the same dynamics are observed between co-existing strains 

even if the appearance of the second strain is delayed by as much as 25 years. Not until the 

population of susceptible individuals has been fully replenished by new births will the ef
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fects of cross-immunity be lost The relationship between the force of infection and the size 

of the epidemic shows clearly that the cross-immunity coefficient is not necessary to obtain 

patterns that are observed from case notification data. However, cross immunity limits the 

size and duration of any given epidemic (Fig. 2.9). If there is a significant role played by 

strain specific cross immunity it may well be as a limiting factor in both the size and shape 

of the epidemics, and also in the number of strains which can co-exist in any one season.

One of the problems highlighted by both models is that associated with the epidemic na

ture of the influenza virus, and as a consequence the estimation of values such as the aver

age age of infection rely upon the theories which have been derived for use with viruses 

which are at an endemic equilibrium. Results thus tend to show some disparity with the ob

served values obtained in chapters 3 and 5. More work is therefore required on the correct 

procedure to be employed in the estimation of parameters such as Ro and the average age 

at infection (A) for epidemic infections. The numerical analysis of the model without age 

structure, which assumes cross-immunity, gives an excellent correlation to the data collected 

from case notifications, as shown in Fig. 7.1. The case notification data shown consists of 

two strains of the same sub-type co-existing during the same epidemic season. Although this 

does occur, it is not very commonplace, and is shown here merely to illustrate that the model 

gives epidemics of the appropriate magnitude and time scale. As shown in chapter 2, the 

same effect is observed over a number of epidemic seasons, thus the cross-immunity con

ferred on one strain by a similar strain may be long lasting, and may cause the same effect 

many years later. Both the forces of infection derived for each strain and the cross-immunity 

coefficient assumed for the two strains generate predictions that crudely mirror the observed 

epidemics. It is not possible at this stage to state whether or not cross immunity plays an es

sential role in the generation of the bi-modal infection curves observed, or whether these 

patterns are simply a result of varying forces of infection (and hence the values of the strain- 

specific basic reproductive rate Roi) between the strains of the virus. However, it can be 

stated that if cross immunity does occur between strains of the same virus then this effect 

will considerably alter the dynamics of the co-existing strains.

When the model is considered with age-structure it produces ’age serological profiles* 

which closely resemble those derived from serological analysis (compare Figs 5.4 and 7.2).
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F i g u r e  7 .1 .  T h e  r e s u l t s  f r o m  th e  n u m e r i c a l  a n a l y s i s  o f  th e  n o n - a g e - s t r u c t u r e d  m o d e l  ( w i th  b  = 
0 .4 ,  s  = 0 2 5  a n d  o t h e r  p a r a m e t e r s  a s  in  T a b l e  2 . 1 ) ,  r e p r e s e n t e d  b y  th e  s o l i d  l in e ,  s u p e r i m 

p o s e d  o n  th e  c a s e  n o t i f i c a t io n  d a t a  f o r  tw o  s t r a i n s  o f  th e  H 1 N 1  s u b t y p e  ( d a t a  f r o m  G le z e n  

( 1 9 8 2 ) ) ,  s h o w n  b y  th e  f i l l e d  b a r s .  T h e  s o l i d  b a r s  a r e  n u m b e r s  in f e c t e d  w i t h  A / U S S R I 9 0 /7 7  

a n d  th e  c r o s s - h a t c h e d  b a r s  th o s e  i n f e c t e d  w i th  A l B r a z i l l  1 1 1 7 8 .

The age structured model gives a good approximation to the overall decay in seropositivity 

observed over time. The model is not able to sustain a significantly large population of in

fected individuals to cause another epidemic within the time span of one generation of the 

host population, due to the virus strains being introduced into a population consisting en

tirely of susceptible individuals. The rate of infection is so rapid that almost 80% of the popu

lation becomes immune to the virus strains over the time period of the epidemic, thus 

preventing further epidemics of the same strains of virus. In this scenario a new epidemic 

could only be caused by an antigenically different virus strain. This leads to the hypothesis 

that the irregular temporal appearance of the epidemics, in terms of strain recycling, may
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T im e  ( M o n th s ) .

F i g u r e  7 .2 .  T h e  r e s u l t s  f r o m  th e  n u m e r i c a l  a n a l y s i s  o f  th e  a g e - s t r u c t u r e d  m o d e l  ( w i th  p a r a m e 

t e r s  a s  in  T a b le  6 .1 )  a r e  r e p r e s e n t e d  b y  th e  s o l i d  l in e .  A l l  a g e  c l a s s e s  h a v e  b e e n  s u m m e d  to  

g i v e  th e  r e s u l t in g  o v e r a l l  c h a n g e  in  t h e  p r o p o r t i o n  o f  th e  p o p u l a t i o n  p o s i t i v e  th r o u g h  t im e .  

T h e  f i l l e d  s q u a r e s  a r e  th e  r e s u l t s  f r o m  th e  s e r o l o g i c a l  a n a l y s i s  s h o w n  in  F i g .  5 . 5  f o r  A ! H o n g  

K o n g / 6 8  ( H 3 N 2 ) .

well be due to the influence of cross-immunity between the two strains. It appears from the 

numerical analysis of the mathematical model that there are two main effects of cross-im

munity; less cases are involved in an epidemic caused by a later strain, which encounters a 

degree of immunity derived from an earlier infection of a similar strain; and as a result of 

the cross-immunity different forces of infection between the strains lead to markedly differ

ing patterns of infection. Differing forces of infection of two co-existing strains, in the ab

sence of cross-immunity, certainly can give similar patterns to the observed epidemic curves. 

However, the results from analysis of the model indicate that a more diverse set of epidemic 

patterns would be observed if this were the only causative force behind the generation of
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new epidemics. Thus although cross-immunity between co-existing strains may not be the 

sole reason for the pattern of the epidemic curves, it is very likely that cross immunity be

tween two similar strains, in combination with the force of infection, affects the appearance 

of influenza epidemics in large communities over both short and long time periods.

The bi-modal epidemic curves which were predicted from the numerical analysis of the 

mathematical model explored in chapter 2 are reflected in the case notification reports, which 

suggests that these epidemic curves are caused by the co-existence of two or more strains of 

the same virus. The most obvious aspect to arise from the study of the case notification data 

is that the influenza virus causes seasonal epidemics virtually every year, and that two sub- 

types of influenza invariably co-exist, with one of the sub-types appearing to be dominant 

(in terms of recorded incidence or seroprevalence) over the other (see Fig 3.2). It is prob

able that this is due to the first strain having a greater basic reproductive rate than the sec

ond, and thus generating more cases. The fact that a new epidemic can be generated each 

year by the same sub-types is due to mutation in the major antigen on the surface of the virus, 

the haemagglutinin protein, producing a new strain of sub-type each year (antigenic drift 

(Webster,R.G. et al. (1982)). The annual periodicity for the years studied (1978 to 1985) 

was due mostly to different strains of the H3N2 sub-type (Fig 3.11). Time-series analysis of 

case notification data was unable to uncover any longer term (other than seasonal) oscilla

tions in incidence (Figs. 3.12 to 3.15). This can be explained by considering the equation 

(6.18) which states that the overall basic reproductive rate of a virus with two co-existing 

strains, Ro\ is directly proportional to the sum of the forces of infection of the two strains. 

Therefore, with two strains circulating during the same season the reproductive potential of 

the influenza virus will always tend to be greater than that of an endemic myxovirus, such 

as measles, where the reproductive rate is proportional to a single force of infection. The re

sultant reproductive rate will also depend on the degree to which infection with one strain 

influences immunity to the co-circulating strain. The influenza virus, with co-existing strains, 

will thus tend to rapidly exhaust the pool of susceptible individuals in a population over a 

shorter time period than a single strain of virus. Therefore, in the case of influenza, where 

an antigenically ’new’ viral strain appears in any given season, it can reasonably be assumed 

that the proportion of the population susceptible to the new strain is approximately 100%.
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This would, therefore, have the effect of keeping the proportion of susceptible individuals 

(and hence immune individuals) at an approximately constant level for the beginning of 

every epidemic season. If this were the case, no regular cycles would be maintained for any 

population which was exposed to the ever-changing influenza virus. This would also be in

dicated by the lack of any periodicity in the average age at first infection. It is important to 

note that the results from the numerical analysis of the simple mathematical model, presented 

in chapter 2, suggested isolated irregular epidemic recurrences of differing strains.

The average ages of infection for the strains which were co-existing during the season 

1982/83 (A/Eng/333/80 and A/Bel/1/81) are dissimilar to those observed for influenza A re

gardless of strain (somewhere between 20 and 30 years old); both values are much lower 

than those found for influenza A regardless of strain. This may be an artefact of the group

ing of the data by age (i.e. the chosen age ranges). Most of the observed cases occur in the 

15-44 year age group, which is in agreement with the average ages of infection of between 

20 and 30 years old suggested in this study and in others (Table 3.1). Further stratification 

of this age group is required to determine which elements in this group are responsible for 

these age effects. Unfortunately the data does not allow this, analysis which would be use

ful to determine whether the observed high numbers of infected individuals in this age group 

are in fact of approximately school age. This would support the findings of Glezen (1982) 

and Fine and Clarkson (1982), who surmise that the observed patterns of infection are due 

to intensive mixing in secondary schools. It may well be the case that the aggregation and 

disassembly of schoolchildren is the underlying factor which precipitates the contact of in

fected with susceptible individuals and thus leads to the observed patterns of transmission 

of the influenza virus in a given population. However, if this was the case, the average age 

of infection could be expected to be lower than was found (between 20 and 30). This indi

cates that either the school system is not as responsible for the outbreaks as is suspected, or 

that the estimation of the average age made here is too high (probably due to over-reporting 

of cases in the elderly). It is therefore a priority to determine the average age of infection, as 

well as the age-dependent forces of infection, from serological data.

A recognised aspect of infection with the influenza virus is the acquisition of immunity 

to one strain of the virus after previous infection with an antigenically similar strain. Rigo
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rous studies on volunteer patients have been undertaken proving that rechallenge with ho

mologous variants demonstrate a potent reinfection resistance that lasts for at least four years 

(Couch and Kasel (1983)). An indication that homotypic immunity to reinfection with the 

same subtype of type A virus may be prolonged (or even life long) was demonstrated by the 

reappearance of the H1N1 strain in 1977. Despite certain exposure to persons infected with 

the H1N1 subtype, individuals bom before 1952 have rarely been infected with circulating 

closely related H1N1 virus strains. In the 1977/78 season 23% of H3N2 infection occurred 

in the 35+ age group, but only 2% of H1N1 occurred in the same age group of patients ad

mitted to health care facilities in Houston, Texas (Glezen, Couch, and Six (1982)). Thus it 

seems clear that a substantial degree of immunity to reinfection with strains of the H1N1 

subtype can persist for more than 20 years. This makes it practical to determine the infec

tion history of an individual by analysing the antibody content of the individual’s sera by 

means of an enzyme immunoassay.

From the analysis of serological data of this type it would appear that both the A/Hong 

Kong/68 and the A/Bel/1/81 strains were introduced into the population around 1968 and 

1981, respectively. However, it appears that the A/Eng/333/80 strain generates a relatively 

high level of seroprevalence over a long time period, indicating that antibodies generated 

against a similar strain were circulating prior to 1980. Persistently high levels of seropre

valence suggest a maintenance through time of continuously high levels of viral trans

mission. The H1N1 sub-type, specifically, appears to be endemic for all the years considered 

in this study. This is also supported by the relatively high force of infection estimates found 

for children based both on case notifications and serological analysis. Thus it may be as

sumed that the population was exposed, in considerable magnitude, to the previous H1N1 

strains, leading to raised antibody levels against all the H1N1 strains, and thus indicating 

that the A/Eng/333/80 (H1N1) was in fact approaching an endemic equilibrium. This appar

ent endemicity of the H1N1 strain after the initial occurrence is very surprising, considering 

that no significant record of illness during the off-season months has been recorded 

(Glezen,W.P. (1980)), and that after the initial epidemics, no significant case notifications 

occur (see chapter 3). One explanation is that the results observed reflect a lack of speci

ficity in the serological test employed (described in chapter 4). However, this explanation
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does not account for the epidemic appearance of the A/Bel/1/81 strain, nor does it seem like

ly in the light of the purification process that was employed to obtain the antigen for the 

serological test. Levels of antibody to the more recently introduced H3N2 strains (A/Hong 

Kong/68 and A/Bel/1/81), however, indicate that both these strains were epidemic, but tend

ing towards an equilibrium of sorts, over the time period studied. The increased number of 

cases caused by the A/Eng/333/80 strain of the H1N1 sub-type was due almost entirely to 

infections in young persons, not previously exposed to this sub-type. This agrees with work 

done by Periera and Chakraverty (1982), who state that the A/Eng/333/80 epidemic con

sisted mostly of school-age individuals. There is evidence from the serological analyses that 

both the strains of H3N2 studied, during the years of their individual epidemics, caused sig

nificantly more infection in the older age groups than in the other age groups. This appears 

to confirm what was suspected during the analysis of case notification data; that these strains 

in particular cause an increase in the cases amongst the elderly, although caution must be 

exercised in the interpretation of case notification data (see section 7.2 for more detail).

Antibody titres remain high in all age groups for seropositive individuals, indicating that 

antibody directed against the influenza virus is long-lasting, and the concentration of indi

vidual antibody does not decline or vaiy excessively (see Fig 5.2). Therefore, it is possible 

that immunity to any one strain is life-long. However, there may be cell-mediated effects 

needed for complete immunity which become less effective through age. This could explain 

the higher level of incidence for all strains of the influenza virus observed in the elderly. It 

is interesting to note that the strain of H1N1 studied, A/Eng/333/80, which appears to be 

have been endemic for many years (at least 10), shows the lowest variability in antibody le

vels, and A/Bel/1/81, the most recent H3N2 strain, shows the greatest variability (see Fig 

5.3). This further supports the hypothesis that the strains of virus appear to reach an endemic 

equilibrium in the community after the initial epidemic, although it must be noted that there 

is no evidence of persistent influenza cases during the off-season period, namely weeks 20- 

50 (PHLS, Chakraverty JP. et al. (1980), Glezen,W.P. (1984)).

From direct measurement of the proportion of the population which expresses antibody 

to a specific virus strain which is acting on a naive population it is possible to determine the 

age-dependant forces of infection for a particular strain in that season. This has been done
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for the strains A/Hong Kong/68 and A/Bel/1/81; it is also possible to compare the pattern of 

the age specific forces of infection for A/Hong Kong/68 (Fig. 5.6(b)) with the patterns of 

infection found during the analysis of the case notification data (Fig. 3.6). Both patterns of 

infection show a peak around 20 years of age, followed by a high level of ’infectivity ’ in the 

65+ age group. There is a different pattern observed in the case of the A/Bel/1/81 strain (Fig 

5.6(b)), which shows a higher force of infection in younger individuals, followed by a grad

ual increase through age. Estimates for the A/Hong Kong/68 strain (Fig. 5.6(a)) agree well 

with the estimates from the endemic situation (Table 5.2). From the series of cross sections 

representing a ’longitudinal’ study it was found that the age-dependent forces of infection 

arc increasing with through time and hence with age continuously after the initial year of in

cidence for each strain. Thus, force of infection estimates obtained from the virus strains 

under consideration demonstrate age-dependency in transmission rates as well as variation 

through time after the year of initial incidence. The high estimate for the 15-20 year old age 

group can be contrasted with the lower estimates in the young, which suggests that the rates 

of mixing of individuals within age groups is far from homogeneous. An essential aspect of 

further studies of this sort must be the acquisition of sera sets with finer age-stratifications 

in the younger age groups. This would enable a more thorough analysis to be performed, 

with the potential to determine precisely the changes in the force of infection in a popula

tion through age (as determined from age-stratified serology).

The average ages of infection for the various strains (estimated from the proportion of 

each age group seropositive to each strain) are consistent with those recorded in other studies 

(see Table 3.1). From Fig 5.10 it can be seen that the average age of seroconversion remains 

relatively constant for both A/Eng/333/80 and A/Hong Kong/68, but is distinctly rising in 

the case of A/Bel/1/81. In all cases the average age of seroconversion lies between 20 and 

30, which indicates that school-age mixing does not have as great an effect on the trans

mission as is generally believed (Fine and Clarkson (1982), Longini et al. (1984) and Glezen 

(1982)). These high values for the average age of infection also re-emphasise the effect of 

a virus being introduced into a population comprising mainly of susceptible individuals. 

Since the only immunity which acts against the ’new’ strains of virus is that conferred by 

previous, antigenically similar strains, the proportion of older individuals who are immune
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to the virus is less than that proportion observed for a virus which is at endemic equilibrium. 

In the latter case, the majority of older individuals will have been previously exposed to in

fection from the virus, causing the average age of infection to be considerably lower than is 

observed for the influenza virus.

Values for the basic reproductive rate were estimated from the serological data. It was 

shown in Table 5.2 that whereas A/Eng/333/80 (H1N1) and A/Bel/1/81 (H3N2) had Roi’ 

values of between 8 and 9, the A/Hong Kong/68 (H3N2) strain had a value of approximate

ly 20. It is interesting to note that the A/Hong Kong/68 strain appears to have been circulat

ing for longer than the other two by some 10 years. However, it is likely that the basic 

reproductive rate for most influenza A virus strains lies somewhere near 8 or 9. In terms of 

the overall reproductive rate of the influenza virus (Ro ’) it has been shown that, in the same 

way that increased infectivity of a virus in isolation acts to raise the reproductive rate, so do 

the infectivities of two strains of the same virus which are co-existing. Analysis suggests 

that cross-immunity between two co-existing strains causes the overall reproductive rate of 

influenza (Ro ’) to be elevated over that pertaining to any one strain. However, this elevation 

is in part a reflection of the method used to estimate Ro \  based on the fraction susceptible 

to infection by either of two co-existing strains of the influenza virus. It seems that the frac

tion of the population susceptible at equilibrium is less when two strains are circulating than 

when any one strain is circulating in isolation.

The values recorded for the strain specific basic reproductive rates (approximately 10) 

are not exceptionally high by comparison with other viral infections, for example rubella. 

This virus has a Ro value of approximately 5 and the average age at infection is approxi

mately 9 years old (Anderson and May (1983)). Thus, although the basic reproductive rates 

are approximately the same, the average ages at infection are much higher for infection with 

the influenza virus. This may well be a consequence of the epidemic nature of the influen

za virus; since it is generally introduced into a ’virgin’ population all individuals should have 

an equal probability of becoming infected. This would then result in the average age at in

fection being decided almost entirely by the mixing patterns of the various age groups. Since 

the influenza virus, unlike rubella, does not persist in an endemic fashion in the population 

it is probable that all past experiences of infection with selected strains of the influenza virus
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decrease the ability to invade supposedly susceptible populations. In other words, a new 

variant of influenza faces a not entirely susceptible population, but a host population with 

an existing partial immunity. As a consequence of partial immunity in some age groups, the 

average age of infection would rarely be uniform from one epidemic season to another.

In addition to affecting the average age of infection, the impact of partial herd immunity 

leads to considerable survival pressure being imposed on the influenza virus. As mentioned 

earlier, influenza has a genome composed of RNA rather than DNA. The primary stage in 

the replication of influenza is the synthesis of DNA from the RNA template provided by the 

viral genome, which is catalysed by the enzyme reverse transcriptase. Possible evolutionary 

relationships among retroviruses have been deduced from the differences among the sequen

ces of amino acids that compose reverse transcriptase and also retrovirus proteases. These 

can be represented by ’phylogenetic trees’ such as those shown in Fig 7.3. The phylogenetic 

tree for several years of evolution of the influenza virus is shown in Fig 7.3(a) (adapted from 

Both,G.W. et al. (1983)). If this tree is compared with a phylogenetic tree constructed for 

Human Immunodeficiency Virus Type 1 (HTV-1) isolates, which is the etiological agent for 

the Acquired Immune Deficiency Syndrome (AIDS) (Fig. 7.3(b)), an interesting feature is 

apparent. The phylogenetic tree of the influenza virus is far less ’bushy’ than that of the HIV- 

1 virus, despite the fact that the data now available indicate that the two viruses exhibit rough

ly comparable rates of change in genetic composition, (of the order of 1 substitution per 100 

nucleotides per year) (Myers,G.L. et al. (1989)). The changes in the genome of the influen

za virus are manifest primarily as relatively infrequent (compared to HIV-1) appearances of 

different strains. This may suggest that the influenza virus is occupying an ecological niche 

in which competition among strains is intense. Conversely, the HIV-1 data suggests that, to 

date, there is not intense competition between HIV-1 strains. This in part must be due to the 

fact that infection with one strain does not confer protection against the emergence of an ’es

cape’ mutant in an immunodeficient host (where the term ’escape’ means an antigenically 

distinct strain). More explicitly the mutation events that trigger strain variation in HTV-1 all 

occur within the human host. For the influenza viruses this may not always be the case, since 

strains of influenza which are infectious to humans often originate in swine or avian hosts, 

and only become infectious to humans after several mutations.
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Figure 7 3 . The com parison o f  two phylogenetic  trees, (a) fo r  the influenza A  virus (after  

Both,G .W . (1983), and (b) fo r  the H W 1 virus (from  M ye r ,G L . et al. (1989)). The horizon

tal distance betw een branches are approxim ately proportional to the genetic distance be

tw een the sequences o f  the nucleotides. N o te  that the tree fo r  the in fluenza virus has less  

branching, and  thus gives it a less ’bushy’ appearance.
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7.2. Limitations of this study and areas for further research.

The most serious limitations to this work were imposed by the epidemic nature of the 

influenza A virus. As a consequence of this much of the mathematical techniques which 

have been developed to estimate useful epidemiological parameters such as the basic repro

ductive rate (Ro), and the average age of infection (A), could not be used. Therefore, the es

timates which were made are very crude, and may not accurately represent the true situation.

The non-representative nature of the case notification records, and the age structure of 

the serological data base, was by no means ideal, being clumped into age groups which were 

too broad. To allow a detailed analysis of changes in the rate of infection by age it should 

be possible for the case notification data presented in both the PHLS reports, and in publi

cations arising from these reports, to be obtained in a raw data format indicating the num

ber of individuals who have suffered from the disease of influenza, with each individual’s 

age being stated. This would enable more extensive analysis. However, because influenza 

is not a nationally notifiable disease, the problems of under- and over-reporting will always 

remain. Even if it was notifiable, problems remain concerning the precise diagnosis of in

fection without resort to viral isolation.

The analysis of case notification data is fraught with many problems in the case of in

fluenza virus infection. The main problem with the case notifications is that influenza is not 

a nationally notifiable disease. This causes the resultant notifications to be variable, not only 

with respect to the seasonal magnitude of the epidemics, but also with respect to the num

ber of cases recorded for each age group. The tendency will be for those age groups which 

are most at risk of developing complications (the two extremes of age; old and young, as 

discussed in detail in chapter 1) to be brought to the attention of a General Practitioner, and 

thus reported to the PHLS, more frequently than the age groups at a lesser risk. Due to the 

epidemic nature of influenza, the case notifications are not representative of the continuous 

acquisition of immunity to the virus through time, and therefore do not represent the grad

ual build up of immunity with age. As a consequence, it is not possible to build an ’age pre

valence profile’ for the various strains, which would be useful as a comparison to the 

serological work presented in chapter 5. It is thus only possible to make qualitative judge
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ments on the age-specific nature of the infectivity of these virus strains from the case noti

fication data presented.

As mentioned earlier, the ideal serological data set consists of finely stratified age groups, 

covering all ages. However, it is increasingly obvious that the most important age groups to 

study are those consisting of individuals less than 30 years of age, which is the age span over 

which most of the change in the force of infection is observed. Therefore it would be useful 

to concentrate on these age groups during any future serological analyses. If this were done 

it would be possible to obtain both more precise estimates of the forces of infection in these 

age groups and a better understanding of the patterns of age-related change.

A problem encountered during the screening of the test samples was the potential cross- 

reactivity between the strains of the virus. In an attempt to eliminate this problem, the antigen 

was purified to the protein level, thus providing pure haemagglutinin for use in the serologi

cal test. Other serological studies of influenza have made use of the wide variety of tech

niques which give a good specificity in terms of subtype recognition, for example the 

Complement Fixation method (Julkunen, Pyhala and Hovi (1985), Julkunen, Kleemola and 

Hovi (1984)), the Haemagglutination Inhibition method (Sato, Ochiai and Niwayama 

(1988), Koskinen, Vuorinen and Meurman (1987)) and various Enzyme immunoassays (Van 

Voris et al. (1985)). However, although these tests return less error in terms of cross reac

tivity when used with whole virus, it is not practicable to screen the large number of sera 

samples that were screened in this study. As a consequence of these limitations, it was de

cided to use the ELISA technique in this study, with a highly purified antigen.

A significant difference was determined between the observed and expected values (cal

culated under the assumption of no cross-immunity between strains or cross-reactivity in the 

serological test) for all three strains tested for cross reactivity. In each case there were greater 

numbers of observed double-positive individuals than expected, which indicates evidence 

of cross reactivity. These values were recorded from the 1989 data set, and all other years 

showed a similar significant result. However, it must be remembered that any cross-reactive 

antibodies could, themselves, lead to a protective response. Whatever reason is behind the
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cross reactivity, it is consistently stronger for A/Bel/1/81 interacting with A/Hong Kong/68 

than with any other combination.

It would greatly simplify the analysis of serological data if laboratory tests could be de

signed which eliminated any potential cross-reactivity between similar antigens. Although 

tests of this sort already exist, such as the Haemagglutination Inhibition (HI) test described 

in chapter 4, these tests do not lend themselves to the screening of large sets of sera such as 

the one examined in this study. If an ELISA could be commercially produced which could 

distinguish between different strains of the same subtype of influenza A, the purification of 

the antigen would not need to be so thorough, and hence laborious.

Other problems with this type of screening include the definition of positive and nega

tive values for the individuals under test, once the assay has been conducted on a sera set. 

Significant weight is added to the validity of the method used by the results of the analysis, 

which show a greater number of negative individuals in the younger age classes than in any 

other. This suggests that the antibody concentration cut-off points used are likely to be rep

resentative of the acquisition of infection. However, it cannot be ignored that some cross

reactivity between the serum samples occurred, considering the nature of the antigens being 

tested. Test sensitivity and specificity is impaired because the antibodies that lead to cross- 

immunity will, most likely, be cross-reactive to the various antigens. The problems involved 

with cross-immunity and the sensitivity and specificity of the test procedure cannot be re

solved at present. Their resolution awaits a greater understanding of the mechanisms behind 

the immunity generated to different strains of the influenza virus. Until that time it will be 

necessary to analyse the results from studies of this type empirically and treat with caution 

any conclusions drawn regarding cross-reactivity between strains and the concept of cross- 

immunity. The estimation of a cross-immunity coefficient itself is also problematical, since 

it is not possible to determine exactly the amount of immunity which a particular strain con

fers on individuals exposed to other strains. However, an idea of the magnitude of this par

ameter can be estimated from case notification data simply by comparing the size of two 

epidemics (in terms of infected individuals) caused by different strains occurring in the same

season.
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It is an important area of further research to determine better estimation methods for Ro 

and the average age at infection for viruses which are characterised by epidemic style pat

terns of infection (i.e. are introduced into a population consisting largely of susceptible in

dividuals each season). At present most theory pertaining to the estimation of these 

parameters is based on the supposition that the virus is at an endemic equilibrium in the host 

population.

Much further work and analysis of the mathematical models, both in terms of equili

brium states and numerical studies, is needed. However the introduction presented in this 

thesis indicates that as it stands the model provides a crude understanding of the dynamics 

of co-existing virus strains (see Figs. 7.1 and 7.2). More importantly the model provides 

clues to the role played by cross-immunity. It would be useful, however, to be able to ob

tain more accurate estimates of the cross-immunity coefficient. Unfortunately the only way 

that this could be done is to compare the dynamical behaviour of one strain of a virus when 

it is in isolation to its behaviour when it co-exists with another strain. This would require 

studies in small local populations who have and have not been exposed to one, the other, or 

both strains. A final area for further study concerns the inclusion of seasonal effects, and 

more diverse mixing patterns into the numerical analysis of the two-strain age-structured 

model.

The simple mathematical model presented here can also be refined in other ways. The 

method used to included the effect of one strain conferring immunity to another, later strain, 

could be altered to include the reduction of the value for the transmission probability of the 

latter virus, and not simply set a fraction of the population to become immune to both strains 

of the virus after infection with the first. In this way cross immunity would also act to de

crease p if a past infection with other strains does act to confer some immunity.
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7.3. Conclusions.

The two main concepts under consideration here are; the effect of immunity conferred 

against one strain due to exposure of the host population to a previous antigenically similar 

strain of the same virus, and the result of a virus strain being introduced into an essentially 

immunologically naive population. Taken separately, these two situations provide interes

ting epidemiological scenarios, but in combination the results are highly complex in terms 

of the transmission dynamics of the virus, and hence difficult to interpret.

The serological studies suggest that the constant build up of antibody to co-existing 

strains of the same sub-type of the influenza virus (antigenic drift) eventually leads to a com

plete, generation-long, immunity to the subtype itself. This ensures that a new epidemic can 

only be generated by a new subtype as a result of significant mutation in the haemagglutinin 

gene (antigenic shift). The necessity for the emergence of a new antigenically distinct strain 

is probably the result of intense competition between strains of the same virus for a restricted 

ecological niche (susceptible hosts). The co-circulation of two (or more) strains causes a 

swift depletion of the susceptible individuals in a population. Thus, competition for resour

ces (i.e. susceptible hosts) is increased by the presence of two co-existing strains that are 

antigenically similar, which leads to a combined infectiousness considerably in excess of a 

single strain in isolation. Therefore, in short, it is likely that the forces of infection, which 

characterise the transmission dynamics of a virus strain when it is circulating in isolation, 

are significantly modified when two closely related strains of the same virus are circulating. 

The net effect is for the two strains to more rapidly reduce the supply of susceptible hosts 

than would be the case for either strain circulating in isolation. In essence herd immunity to 

one viral strain acts to reduce the effective rate of transmission of a closely related strain, 

but the combined effect of the presence of both strains is to enhance the rate at which the 

supply of susceptible hosts is depleted. In such circumstances, the strain that dominates will 

be the one with the greatest reproductive potential. However, if cross-immunity occurs in 

the dynamical interaction with the host population, the strain that arrives first has an advant

age over the strain that arrives later, making the establishment and persistence of the latter 

more difficult. The overall persistence of co-circulating stains from season to season will in
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part depend on spatial factors (unsynchronised epidemics of the different strains in differ

ent localities). This aspect of influenza transmission requires further study by extending the 

mathematical models to include spatial dynamics. With respect to epidemiological study, 

spatial factors could be examined by studying case notification and serological trends in 

small communities. This would require the stratification of such data by town, region or area 

within the United Kingdom. This is a major priority for further research.
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Appendix A (Experimental Buffers).

Phosphate Buffered Saline (pH 7.6).

85g NaCl 
12.8g Na2HP04 
1.56g NaH2P04.2H20 
101 Distilled H2O

Coating Buffer (Carbonate Bicarbonate; pH 9.6,0.05M).

1.59g Na2C03 
2.93g NaHC03 
11 Distilled H2O

Incubation Buffer.

Used for antigen coating.

900ml PBS 
0.45ml Tween 20

Used for serum and conjugate dilution. 
Blocking protein included in some assays.

Substrate Buffer (Phosphate Citrate).

7.19g Na2HP04 
5.19g Citric acid 
11 Distilled H2O

Washing Buffer.

90g NaCl 
5ml Tween 20 
101 Distilled H2O

Used for washing plates.



Substrate Stock.

lOOmg orthophenylene diamine (OPD)
10ml methanol

Stored in dark at 4°C for a maximum of 1 week. 

Substrate Working Solution.

100ml Substrate Buffer 
lml OPD Stock 
50ul 6% H2O2

Made up immediately before use.

* All buffers were made up freshly before each run and renewed fortnightly.



Appendix B (Abreviations used in the text).

APP = Age-Prevalence Profile.
ASP = Age-Serological Profile.
BSA = Bovine Serum Albumin.
CDSC = Communicable Disease Surveillance Centre. 
EDTA = Ethylenediamine tetra-acetic acid.
ELISA = Enzyme-Linked Immunosorbent Assay. 
FOI = Force of Infection.
HA = Haemagglutinin.
HU = Haemagglutinating unit.
IgA = Immunoglobulin type A.
IgG = Immunoglobulin type G.
IgM = Immunoglobulin type M. 
mg. = milligram, 
ml. = millilitre.
NA = Neuraminidase, 
nm. = nanometer.
OPD = Orthophenylene diamine.
PBS = Phosphate Buffered Saline.
PHLS = Public Health Laboratories Service.
RBC = Red Blood Cell.
SDG = Sucrose Density Gradient.
Tris = Tris(hydroxymethyl)methyline. 
ug. = microgram.



Appendix C (Mixing Matrices).

#
Mixing Patterns for the ’Who Acquires Infection from Whom’ (WAIFW) matrices 

used in the age-structured compartmental deterministic model.(From Anderson and May 
(1985)). The matrices represent the degree of mixing between susceptible and infectious 
individuals of different age classes within a population. They are used used to determine 
the age-specific forces of infection used in the mathematical model described in chapter
6. The age classes 1 to 5 thus represent the ages 1-, 5-, 10-, 15- and 55-75 respectively.

WAIFW A

INFECTIOUS INDIVIDUALS s
Age Class i 2 3 4 5 us
1 pi P2 P3 p4 P5

. u
c

2 P2 P2 P3 P4 P5 E
P

3 P3 P3 P3 P4 P5 T
I
B4 P4 P4 p4 p4 ps

5 P5 P5 P5 p5 P5 L
E
S

WAIFW A

INFECTIOUS INDIVIDUALS S

Age Class i 2 3 4 5
u
sp

1 pi PI P3 P4 P5 E
2 pi P2 P3 p4 P5 P

T3 P3 P3 P3 P4 p5 I
4 P4 p4 P4 P4 P5 B

L
5 P5 P5 p5 P5 P5 E

S

WAIFW A

INFECTIOUS INDIVIDUALS
S
u

Age Class i 2 3 4 5 s
c

1 pi PI PI p4 p5 E
P

2 pi p2 P3 P4 P5 T
I
B3 pi P3 P3 p4 P5

4 P4 P4 p4 p4 P5 L
E

5 P5 p5 P5 P5 P5 S


